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ABSTRACT 

An experimental  p rog ram is descr ibed that determined the feasibility 
and operating charac te r i s t ics  of Main Tank Injection of a LHz tank with 
F2.  A smal l - sca le  t e s t  p rog ram determined hypergolicity l imi t s  and is  
reported i n  an in te r im repor t .  
four and to  design and t e s t  th ree  F 2  injectors  is described. 
zation and LH2 expulsion were  performed with a 105-gallon high-pressure 
LH2 tank. The injector efficiency, design c r i te r ia ,  and performance 
l imitations were determined. Reliable ignition, effective tank p r e s  su re  
control, and feasibility of the F -H2 MTI pressur iza t ion  technique were 
demonstrated . 

The la rge-sca le  t e s t  p rog ram to evaluate 
Both p r e s s u r i -  
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SYMBOLS 

A = Area  

C = Orifice flow coefficient 

CA = Coefficient defined as ( P A  ) ac tua l / (pA ) ideal 

Cd = Discharge coefficient 

Cp = Molar specific heat at constant p r e s s u r e  

C = Molar specific heat at constant volume 

C 

d = Character is t ic  dimension in the injector o r  diameter  

g = Gravitational constant 

h = Heat t ransfer  coefficient 
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SUMMARY 

P 

A comprehensive program was per formed to  design and test F2 injectors  
for  Main Tank Injection (MTI) of the LHz tank of a space vehicle. A series 
of 131 tes t s  i n  small (5-in. diam x 10-in. ) glass  Dewars  defined the limits 
of hypergolicity and the reaction product freezing. 
performed with ful l -scale  injectors  in a 105-gal LH2 tank to demonstrate  the 
feasibility of the pressur iza t ion  technique, to  determine pressurizat ion 
efficiency of t h ree  injector configurations: (1) ullage/ simple (US),  
(2) submergedjaspirated (SA), (3) submerged/s imple (SS), and to define tank 
p res su re  control l imits .  
su re s  f rom 30 to 170 psig,  F 2  flow ra tes  f rom 0. 001 to 0.01 lb / sec ,  and 
ullage fractions f r o m  8 to  9’7% for multiple prepressurizat ion and expulsion 
cycles. 

A s e r i e s  of 21 tes t s  was 

The tes t s  were  performed with tank expulsion p r e s -  

The following resu l t s  were  noted: 

(1) The US injector exhibited reliable ignition and efficient pressur iza-  
tion through ullage heating. 
pressurizat ion efficiency at l a r g e  ullage fractions.  

Heat t ransfer  l o s ses  reduced the 

(2) The SA injector did not properly pump (aspirate)  sufficient LHz to 
provide pressur iza t ion  through LH2 vaporization. Rather,  it oper- 
a ted very  oxidizer-r ich and hot; this led  to  seve re  injector damage. 
The pressurizat ion efficiency was generally lower than the US mode, 
although at l a rge  ullage fractions (empty tank) the SA efficiency 
approached that of the US mode. 

( 3 )  The SS injector exhibited very  low pressurizat ion efficiency with a 
full tank, but efficiency approached that of the US mode as the tank 
emptied. At high injection p res su res ,  the efficiency approached that 
of the US mode at lower ullage fractions (40% empty). 
merged  injectors  experienced occasional injectant freezing and 
detonation; these problems were eliminated by injector redesign. 

The sub- 

(4) The pressurizat ion data  was cor re la ted  to s imple pressurizat ion 
models and injector design requirements  were  established. The 
feasibility and controllability of the MTI pressurizat ion technique 
was demonstrated. 

*.. 
X l l l  



INTRODUCTION 

Main Tank Injection (MTI) is a technique for rocket-vehicle propellant- 
tank pressurizat ion in which a hypergolic reactant  is injected into a pro-  
pellant tank, and the resultant reaction heat re lease  p re s su r i zes  the tank. 
Although much previous work had been done with MTI as applied to hyper-  
golic s torable  propellants, little has  been done with the hypergolic cryogenic 
propellants fluorine and hydrogen. The objective of the NASA-sponsored 
(Contract NAS 3 -7963) p rogram described herein was to determine, analyti- 
cally and experimentally, the .feasibility, l imitations,  and operating charac - 
t e r i s t ics  of a propellant tank pressurizat ion sys t em that u ses  the injection 
of fluorine into a liquid hydrogen tank to generate  pressurizing g a s  by 
hydrogen vaporization. The program was in two phases: smal l - sca le  g l a s s  
apparatus testing, and l a rge -  scale pressur iza t ion  and expulsion testing. 

.I, 

The initial phase was reported in an in te r im report ,  NASA CR-72253. "' 
This  phase was an experimental  study (encompassing a comprehensive s e r i e s  
of 131 tes ts)  of two problems peculiar to this cryogenic hypergolic system: 
1) the effect that a number of physical and chemical var iables  have on the 
hypergolicity of fluorine injected into a liquid hydrogen tank and 2) the 
charac te r i s t ics  and behavior of the reaction products a s  they f reeze  in the 
hydrogen tank. 
space injection and submerged injection); F2 phase (ambient gas ,  liquid, 
and saturated vapor),  temperature  (140" to 520"R),and p r e s s u r e  (65 to 
195 psia);  and H2 condition ( sa tura ted  a t  25 to 55 psia) .  Chemical var iables  
included propellant contaminants and catalytic effects. The tests were  per - 
formed in small (5 in. diam by 10 in. ) glass  Dewars,  with p re s su re  and 
tempera ture  measurements  and  Fas tax  movies (at 4000 pictures  /seck taken 
of each test .  
apparatus  for the small-scale  tests in  shown in fig. 1. 

The physical var iables  included injector location (ullage- 

Expulsion of the LH2 f r o m  the tank was not performed. The 

The resu l t s  of this initial effort led to the following conclusions: 

(1) Fluorine and hydrogen are generally hypergolic under the conditions 
that a r e  present  when MTI is used to p re s su r i ze  a hydrogen tank. 
These propellants normally ignite reliably and have a smooth 
p r e s s u r e  r i se ;  however, in the simple ullage injection mode (US) ,  

:%Cady, E. C. Hypergolicity of F2-H2 and Reaction Product  Freezing Under 
Main Tank Injection Pressur iza t ion  Conditions. 
(DAG-60975) 15 September 1967. 

NASA CR-72253 
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(A)  ULLAGE INJECTION (B) SUBMERGED INJECTION 

Figure 1. Small-Scale Test Setups 

it was found that the addition of about 1 %vo1 oxygen to  the injectant 
fluorine caused reaction inhibition. An increased injectant total  
enthalpy (warming) was required to overcome this inhibition and 
enable ignition before the injectant could f r eeze .  In  the simple- 
submerged (SS) and simple-aspirated (SA) injection modes,  a 
helium pre-injection purge gave an  inhibition that was s imi la r  to  
that of US, but helped to alleviate the problem of H F  freezing in the 
injector.  With the helium pre -purge omitted, the hydrogen-fluorine 
ignition was reliable in these modes even when oxygen was added to 
the injectant. 

Injection of fluorine in the low-total-enthalpy state (liquid o r  cold 
gas)  in any injection mode was hazardous, because of reaction 
inhibition, fluorine freezing, and destructive detonation. Par t icu-  
la r ly  in  the submerged mode, frozen H F  tended to plug the injector.  
Despite these problems, the reliabil i ty of this pressurizat ion 
technique was demonstrated in the small-scale  glassware t e s t s  to 
the extent that full-scale tests of MTI pressurization could be 
undertaken with confidence. 

Pre l iminary  vesse l  pressurization resul ts  indicated that the ullage 
injection mode tended to pressur ize  the tank by ullage heating 
rather  than by vaporization of hydrogen (as specified in the program 
objectives). The submerged injection mode, however, did tend to  
pressur ize  the tank by hydrogen vaporization. 

2 



This r epor t  presents the r e su l t s  of the la rge-sca le  injector  design, fabr i -  
cation, and testing in a 105-gal, high-pressure,  liquid-hydrogen tank. This  
phase of the p rogram had the following requirements:  

(1) Injector Design and Fabrication - Based on the data obtained f r o m  
the smal l - sca le  glassware tes t s ,  evaluate the la rge-sca le  injection 
concepts that  a r e  suitable for  a rocket liquid-hydrogen tank. 
concepts included submerged injection with and without the use  of 
aspirat ion of liquid hydrogen for  combustion control and vaporization 
and ullage-space injection with and without the use  of asp i ra tors .  
Based on consideration of all pertinent injection and sys t em varia-  
bles ,  four injection sys t em designs a r e  to  be selected and sub- 
mitted for NASA approval and, upon approval, a r e  to be fabricated 
and tested.  

These  

( 2 )  Injector Test ing-  Tes t  each of the approved injection concepts to 
demonstrate  reliable ignition, pressurizat ion,  and LH7 expulsion. 
The t e s t  variables a r e  to include reactant  flow rate ,  initiai ullage 
p r e s s u r e ,  and amount of ullage. Tank p r e s s u r e  control l imitations,  
quantity of fluorine required,  and expulsion ra te  for par t ia l  and 
complete expulsions a r e  to be determined. 
e t e r s  a r e  to be varied to  a s s u r e  reliable operation. 

Injector design pa ram-  

The specific tes t  requirements  for the injector testing included a matr ix  
of tes t s  with each injector a t  conditions including: 

Tank p r e s s u r e s  f r o m  30 to  170 psig for  prepressurizat ion and expulsion 

Fluorine flow ra tes  f rom 0. 001  to 0. 010 lb / sec  

Initial and intermediate ullage levels  f rom 8 to  97% 

Multiple expulsions and prepressur iza t ions  (1  to 4 draining cycles)  

3 
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INJECTOR DESIGN 

General Considerations- -Each of the injection concepts described in the 
Introduction was tested during the smal l - sca le  t e s t  program, and the resu l t s  
formed the foundation for  the ful l -scale  injector design. The concepts a r e  
described as (1) simple ullage- space injection (US) ,  (2) aspirated ullage-space 
injection (UA), (3)  simple submerged injection (SS), and (4) aspirated submerged 
injection (SA). "Aspirated, a s  used he re ,  means that the injected fluorine 
i s  used to jet-pump hydrogen into a combustion zone that is separate  f r o m  
the pumping region. 

Specific smal l - sca le  tes t  resu l t s  that a r e  applicable to each of the con- 
cepts a r e  described below, but other  c r i t e r i a ,  applicable in general, were  
also'determined. 
tion noted in the smal l - sca le  tes t s ,  which gave r i s e  to a basic rule:  every 
reasonable technique must be used to avoid injectant freezing and detonation. 
A basic consequence of this requirement  was that the fluorine injectant for 
the full-scale p rogram be l imited to  the use of high-pressure,  ambient- 
temperature  gas. 
vehicular application of the system, i t  i s  necessary  f rom a safety standpoint; 
fur ther ,  some injectant warming can be readily obtained in a vehicular appli- 
cation with only a small  cost  to system performance (weight). 

Principal among these was the problem of injectant detona- 

Although this requirement  may r e s t r i c t  the eventual 

The pressurizat ion data f rom the small-scale  tes t s  was also of particular 
interest ,  even though i t  was highly volume-dependent and w a s  based on "slug- 
injection" of a specific quantity of fluorine ra ther  than steady-flow injection 
of fluorine. 
when computed for continuous injection into a full- scale tank (with ullage 

of 10 ps i / sec .  This r a t e  was high enough to simulate advanced vehicle 
requirements ,  yet low enough for  effective manual control, and meant that the 
same injector valve, orifices,  and plumbing configuration used for the small-  
scale  glassware t e s t s  could be used for full-scale tes t s .  

It was found that the maximum small-scale pressurizat ion ra te ,  

volume of 5. 8 ft  3 ) gave a predicted p r e s s u r e - r i s e  r a t e  in the ful l -scale  tes ts  

Ullage Injector Design--The US injection technique was extensively tested 
in the smal l -  scale tes t s ,  because i t  showed pressurizat ion sys tem advantages 
for  advanced vehicle missions.  F o r  example,  i t  was found that US  injection 
effectively heats the ullage gases ,  gives maximum pres su re  r i s e  per weight 
of injectant and, for  the final engine burn of a mission, leaves the LH2 tank 
full  of hot GH2, which resu l t s  in  minimum residual  propellant weight. The 
US injector,  a s  used for the full-scale tes t s ,  is  shown in f ig .  2 .  The injector 
i s  a simple tube, on the tank centerline, with no diffusers o r  "splash plates. ' I  

This configuration was used because the injected fluorine occasionally ignited ' 
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a 

at the LH2 surface during the smal l - sca le  tes t s ,  and it was initially thought 
that the presence  of a splash-plate might inhibit reliable ignition. 

The UA injection technique (fig. 3a) was  designed t o  pump (by aspirat ion)  

2 the proper amount of GH2 t o  mix with the injectant and burn so that hot GH 
of the proper  tempera ture  would be generated t o  p re s su r i ze  the tank. The 
dimensions of the configuration shown were  determined f r o m  the asp i ra tor  
analysis  of Appendix A. 
tip, aspirat ion cannot occur, and the injection i s  indistinguishable f rom the 
US mode. 
the small-scale  g lass  t e s t s  to  evaluate this  mode. 
no tendency for the injector t o  asp i ra te  and the injector behaved exactly as  
a US injector. This injection mode was not recommended for full-scale 
testing because it demonstrated no pressurizat ion or sys tem advantages 
when compared to  the US mode. 

If the reaction flame occurs  at the fluorine injector 

Several  t e s t s  with this UA injector configuration were  included in 
In these tes t s ,  t h e r e  was  

Submerged Injector Design--The concepts of submerged injection, 
including SS and SA, were  extensively evaluated during the small-  scale  
t e s t s ,  and the resu l t s  showed that both these techniques tended to  provide 
tank pressurizat ion by vaporizing hydrogen, which was a fundamental 
requirement of the program. However, during these small- scale tes t s ,  the 
SS mode appeared to have the following disadvantages when compared to  the 
SA mode: 

(1) The injectant burns at an uncontrollable mixture  ra t io  that produces 
indeterminate ullage heating levels,  and unpredictable p r e s  s u r  iza - 
tion rates .  

( 2 )  Subsurface burning crea tes  la rge  bubbles that may interfere  with 
normal  propellant draining. 

( 3 )  The la rge  bubbles (2, above) may a l so  severely d is turb  (slosh) the 
propellant and. cause an  undesirable t r ans fe r  of large quantities of 
heat t o  the bulk liquid. 

Based on these  considerations, the SS configuration (shown in fig. 3b) 
was  not initially recommended for ful l -scale  testing; however, a number of 
SS-mode t e s t s  were  made that a r e  discussed fur ther  in Results.  

P rope r  design of the SA injector for  the full-scale testing presented a 
difficult problem. 
motion pictures  indicated that t he re  was considerable r e v e r s e  flow of 
fluorine through the pumping annulus into region A (fig. 3c) in this  configura- 
tion. 
a subsequent interruption of aspirat ion (pumping) of the LH2. 
was  attr ibuted t o  two causes.  
apparently too large,  allowing the F2 static p r e s s u r e  to  overcome the 
LH 2 
Second, the flow tube was too large;  this allowed an  expansion and slowing 
of the injectant t o  a velocity that was l e s s  than the flame -gelocity, and this  
caused the f lame to  pe r s i s t  in the base  region. 

The initial SA injector smal l - sca le  t e s t  data and the 

This r eve r se  flow caused ignition and burning in this base  region with 
This effect 

First, the pumping a r e a  for the LH2 was 

s ta t ic  p r e s s u r e  in the annulus and r e v e r s e  the LH2 flow direction. 

To eliminate fluorine r e v e r s e  

7 
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flow, and thus eliminate base  burning, a separation of the burning region 
f r o m  the pumping region was necessary.  
plished by th ree  means: 

This separation could be accom- 

(1) Changing the s ize  and rat io  of the F2 and LHZ flow a r e a s  to  provide 
proper  pumping. 

( 2 )  Decreasing the a r e a  of the asp i ra tor  tube so  that the injectant flow 
velocity was higher than the f lame velocity. (This would cause the 
flame t o  be ejected f r o m  the pumping region. ) 

(3) Increasing the a r e a  of the a sp i r a to r  tube near  the ullage to  decel-  
e r a t e  the flow velocity t o  match the flame velocity. (The flame 
should be stable at the point where the velocit ies a r e  matched. ) 

A modified asp i ra tor  was designed according t o  these principles and 
tested in the small-scale  tes ts .  The configuration is  shown in fig. 3d. The 
diameter  of the straight section was made the same a s  that of the F 2  inlet, 
because it was known that under all t e s t  conditions the gas  velocity in the 
F2 inlet tube was higher than the f l ame  velocity. (Subsequent analysis  of 
a l l  small -scale  t e s t s  showed that the flame velocity was approximately 
130 ft/sec. ) 

The small-scale  t e s t s  with this injector design gave very  encouraging 
results.  Fluorine r eve r se  flow was minimized (although it occurred t o  some 
degree,  particularly at high injection p r e s s u r e s )  and base  burning was 
limited t o  about 5 msec,  when the flame was in t rans i t  through the asp i ra tor .  
A s  planned, the flame passed through the tube t o  the expanding section, 
where it was stable f o r  the duration of the injection. The sma l l  amount of 
r e v e r s e  F2 flow that occurred was attr ibuted to  inaccurate fabrication in 
this  sma l l  scale and to  a t ransient  high-pressure surge  a t  the s t a r t  of 
injection. 

The success  of these small-scale  t e s t s  indicated that a full-scale SA 
injector could probably be designed that would asp i ra te  and pump enough LH2 
t o  provide fue l - r ich  operation and thus ensure  effective vaporization and 
pressurization. To  this  end, the fluid dynamics of the SA injector were  
analyzed t o  provide basic  design data f o r  the full-scale injector. 

Previous analyses  of a sp i r a to r s  or  jet  pumps in  the literature"' were  
unsuitable, because they consider only gas -pumping-gas in a different con- 
figuration. An approximate analytical model was developed, therefore ,  t o  
predict  the performance of a gas-pumping-liquid aspirator .  Based on the 
initial analysis,  the full-scale SA injector was designed and fabricated. 
analysis  was modified t o  reflect  the actual  injector configuration, and the 
injector was tes ted with simulated propellants (gaseous nitrogen and water )  
t o  map the actual injector pumping performance. Appendix A descr ibes  the 

The 

.? 

"'Van Der Lingen: A Je t  Pump Design Theory. Transact ions of the ASME, 
Journal  of Basic Engineering. December 1960, pp 947-960. 
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complete S A  injector analysis and development, including the init ial  analysis,  
the water t e s t  resul ts ,  the modified analysis,  and the predicted injector 
performance. 

Based on the initial resul ts  of the analysis  and on the smal l - sca le  testing 
resul ts ,  an  SA injector was designed for the full-scale testing. 
configuration is  shown in fig. 4. 
follows: 

The injector 
The salient fea tures  of the design a r e  as 

The pumping region is capable of adjusting the pumping a r e a  ra t io  
((3) f r o m  0 to  about 3. This i s  accomplished by turning the re ta iner  
on the threaded s t em to  move the external cone closer  t o  or fa r ther  
f r o m  the internal fluorine nozzle cone, thus varying the LHZ flow 
area. The re ta iner  can be locked at a given setting with a jamnut. 

The 10" cones used for  the LH2 flow path give minimum pract ical  
flow impingement and can be fabricated in e i ther  pyrex or  meta l  
injector configurations (loo is the s tandard taper  angle for  pyrex 
laboratory ware) .  The retainer  a l so  accurately centers  the cones. 

Small  diameter  tubing connects the pumping region to  the expansion 
cone s o  that the injectant velocity s tays  above the flame velocity. 
Initially, the pumping region was at the bottom of the tank, but the 
burning region and flameholder were  36 in. away in the ullage. 
advantages of this  configuration a re  as follows: 

The 

(A) The pumping zone is  in the bottom of the tank where a constant 
supply of LH2 is assured.  

(B) The burning region is in the ullage, giving unchanging and pre-  
dictable pressurizat ion charac te r i s t ics  a s  the tank empties. 

Fu r the r  analysis  of this  configuration showed that the long, thin 
fluorine flow tube was such a good heat exchanger that even w a r m  
fluorine (>500"R) would be frozen solid before reaching the burning 
region. 
pumping region to  the burning region to  6 in. (compared to  the 
36 in. used previously) to  ensure  that the injected fluorine would 
remain well  above Z O O O R ,  which is the tempera ture  a t  which the 
total  enthalpy becomes marginal  and the fluorine tends to  nonignition 
and subsequent detonation. This meant that  the burning region 
would be below the surface of the LH2 f o r  virtually a l l  liquid levels. 
The hot hydrogen created in the burning region would a l so  be cooled 
a s  it flowed up t o  the ullage, but only by about 15O"R (e. g., f r o m  
6 5 0 "  to  500"R). This condition would, unfortunately, lead t o  l e s s  
predictable p r  e s su r  i zat ion char  ac t  e r i s t i c  s during outflow be cause of 
(1) variation of gas  tempera ture  into the ullage and(2) variation of heat 
t r ans fe r  t o  the bulk liquid. 
could give possible mission advantages: 
t empera tures  a s  the tank empties, and thus minimize the residual  
gas weight. Eventually, to  fur ther  alleviate the injectant freezing 

It was therefore  necessary  to  shorten the distance f rom the 

On the other hand, this  configuration 
it could give higher ullage 
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problem, it became necessary  t o  reduce the pumping-region-to- 
burning-region distance f r o m  6 in. t o  2 in . ,  as discussed in 
Results. 

(4) The injector was initially fabricated of pyrex, t o  make it possible to  
s e e  the flame pattern, etc. ; l a t e r  injectors  were  made of both 
stainless st ee l  and aluminum. 

(5) A flame deflector was used t o  distribute the hot hydrogen throughout 
the ullage and prevent flame impingement on the t e s t  tank cover or  
other equipment. It was designed t o  be clamped to  either pyrex o r  
metal injectors  by its supporting legs. As discussed in  Results, 
these  legs tended t o  burn off and eventually had t o  be protected by a 
sheath of alumina (A1203) tubing, which i s  extremely flame and 
fluorine resis tant .  

(6)  The ent i re  injector was supported la teral ly  (at the top and bottom), 
but not vertically,  so  that differential  t he rma l  contraction between 
the tank and the injector could be accommodated. 
assembly was removable in  two pieces f r o m  outside the t e s t  tank. 

The entire injector 

Test  Apparatus Design--The apparatus that was used  to t e s t  the injector 
concepts consis ts  of a high-pressure (200 psi) ,  105 gal. ,  vacuum-jacketed 
and superinsulated LH2 Dewar, with appropriate f i l l ,  vent, and drain 
systems.  
and disposal was connected to the LH2 t e s t  tank. 
layout is shown in  fig. 5. 
cylinder enclosure and bar r icade ,  with the fluorine valves mounted to it. 
Behind the bar r icade  is the emergency shower and eyewash. In the right 
background i s  the LHz s torage tank. The t e s t  tank i s  inside the t e s t  bay, 
center.  The A - f r a m e  and hoist, mounted direct ly  above the tank, was used 
t o  r a i s e  and lower the t e s t  tank cover, which weighs about 500 lb. Between 
the A-frame and the tank themotion-picture camera  i s  mounted in  place 
(without the purge box installed). 
that was used for  tes t  tank pressurizat ion and purging, and in the left back- 
ground i s  the LH 

technique, and propellants a r e  given in Appendix B. 

A fluorine injection supply sys t em with provisions for  F 2  purging 
The overall  test facility 

In the right foreground is the fluorine supply 

In the left foreground is  the helium bank 

vent ldrain line and vent stack. Complete detai ls  of the 
injector t e s t  faci f ity, instrumentation, control system, experimental  
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INJECTOR TESTING 

General  Results 

Pre l iminary  Tes t s - -P r io r  to  the full- scale  MTI tes t s ,  a number of 
prel iminary t e s t s  were  performed to check out the operational aspects  of the 
test facility, especially the LHz f i l l ,  vent, and dra in  system. Following the 
successful  checkout of the LHz systems,  and the correct ion of a number of 
minor  problems, the initial fluorine injection t e s t s  were  performed. In 
these two tes t s ,  the fluorine cylinder was opened, then closed, so that the 
fluorine that was injected was only the amount t rapped ups t ream of the 
prevalve (approximately 0. 0033 lb);  the prevalve and injector valve were  
opened to  allow injection into the hydrogen. 
ro se  a f te r  these injections, and this indicated that ignition had occurred.  
After these successful  prel iminary tes t s ,  the full- scale  t e s t  p rog ram was 
performed.  The f i r s t  th ree  t e s t s  were  submerged t e s t s  (discussed l a t e r )  
and were  followed by the US t e s t  s e r i e s .  The resu l t s  are  summarized in 
Table I, and the individual t e s t s  a r e  discussed in detail  in the following 
paragraphs .  

The p r e s s u r e  and tempera ture  

US Injector Tests--Eleven US t e s t s  were  made (Tes t s  4 through 14) and 
in general ,  the US mode gave rapid p r e s s u r e  r i se ,  ullage heating, and 
p r e s s u r e  collapse following pressurizat ion.  Fig. 6 is a n  oscil lograph record  
of a h igh-pressure  US tes t  that shows the general  charac te r i s t ics  of the US 
injection mode. The p r e s s u r e  r i s e s  ve ry  rapidly t o  103 psig, then, when the 
LHz expulsion f i r s t  starts, the ullage volume inc reases  so  rapidly that the 
p r e s s u r e  peaks,  drops somewhat, then stabil izes to  a lmost  keep up with the 
expulsion rate .  Finally, the p r e s s u r e  drops again a s  the ullage volume gets 
ve ry  la rge  andthe heat t r a n s f e r  andthe collapse occur  (par t icular ly  between 
injections). The LHz flow ra te  A P t r a c e  overshoots (because ofthe sma l l e r  
1. 375-in. orifice d iameter )  and some of the thermocouples move as the LHz 
draining proceeds.  In these t e s t s ,  the  fluorine flow ra te  could be readily varied,  
withno injectant freezing problemat  low flow ( a s  in the  submergedtes t s  discussed 
l a t e r ) .  In fact, an  injector burning problemoccurred .  The init ial  US injector was 
of 304 s ta inless  s tee l  and it burned off at the point where it passed through the 
test tank l id as did the next two US injectors,  a l so  of 304 s ta inless  steel 
(Tes t s  4, 5, and 6).  Examination of these  injectors  indicated that a hot spot 
apparently formed where the  injector tube passed through the lid because of 
insufficient cooling capacity in  that area. The fai lure  mechanism seemed t o  
be that molten me ta l  fluoride was formed, and this molten fluoride flowed 
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Figure 8. View into Tank During US Test 

SA Injector Tests  --It was originally hoped that the pyrex SA injector 
could'be used for a l l  t es t s  so  that the flame pattern could be observed with 
high-speed motion pictures;  however, in  the first tes t ,  this injection shat-  
t e red  immediately upon injection (and ignition), probably because of the the r -  
mal  shock of ignition. 
together with additional SS t e s t  data, is  discussed la ter .  Tank pressurizat ion 
and expulsion was accomplished without any other incident. In the next SA 
t es t ,  (Test 2)  the 316 stainless-s teel  injector was used with a high fluorine 
flow rate.  
into the ullage, instead of allowing it to s tay  in  the flame holder (expansion) 
region of the injector. 
supports ,  warped the injector nozzle with heat,  and corroded the t e s t  tank l id  
to form metal fluoride deposits. However, the injector apparently aspirated 
(pumped LH2) and pressurizat ion and expulsion was successfully 
accomplished. 

What followed was essentially SS mode injection that, 

It was originally thought that the high p res su re  blew the flame 

This flame burned off one of the flame-deflector 

F o r  Tes t  3,  the next SA t es t ,  the fluorine flow ra t e  and p res su re  were  
reduced so that the flame would remain  in the expansion region of the injec- 
to r  and not jump into the ullage, This gave r i s e  to the following anomalous 
s e r i e s  of events: ignition occurred after injection and this gave a tank p res -  
su re  r i s e  that was sufficient to actuate the p re s su re  switch and keep the 
injection valves open; then the reaction was extinguished. Fluorine continued 
to be injected and apparently frOze in  the injector in  the vicinity of the expan- 
sion section. After 9. 4 sec ,  the injector valve closed normally (as the t imer  

b 
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followed by detonation. 
injection. 
holds fa i r ly  steady as outflow continues, until the ullage volume gets  large.  

This phenomenon occurs  again, following the second 
Again the p r e s s u r e  terias to decay following the initial drain,  then 

In the SA tests also,  the quality of the motion pictures  was generally 
poor. 
mode tes t  (Test  16). 
ullage blacked out a l l  fur ther  viewing, until the tank was somewhat empty, 
In the photograph, the lower c rescent  is the tank wall, and the light tubes a r e  
c lear ly  visible. The 
LH2 level can  be c lear ly  seen  on the light tubes, and the foggy appearance in 
the  center  of the tank is thought to be vapor generation i n  the bulk liquid f rom 
the warm injector. 
the light of the reaction, which was occurring in  the ullage at the time. The 
photograph was taken at the end of the f irst  drain of Tes t  16 which was made 
with high-pressure fluorine injection. 
throughout the injector tube and into the ullage, burned off the f lame deflector 
supports during the second drain,  and caused injector collapse and subsequent 
destruction of the injector tube and asp i ra tor  nozzle. To prevent s imi la r  
problems during Tes t  17, the f lame deflector supports were  protected by 
aluminum oxide sheaths,  a s  shown in  fig. 11. These sheaths prevented dam-  
age to the supports ,  although the re  was evidence of considerable f lame deflec- 
t o r  heating (discolorations and heat marks ) ,  and two 6-in, s l i ts  were  burned 
in the s ta inless-s teel  injector tube just  above the expansion cone. The asp i -  
r a to r  nozzle was also damaged. 
Tes t s  16 and 17 is shown i n  fig. 12. 

Fig. 10 shows a f r a m e  of the high-speed motion pictures during a SA 
Again, a vapor cloud that was generally formed i n  the 

Between the light tubes the injector can be seen  faintly. 

As in the US tests this photograph was a l so  taken f rom 

As in  T e s t  2 ,  the flame extended 

The damage to the SA injectors during 

In Tes ts  15, 16 and 17, the asp i ra tor  nozzle was s e t  at an area rat io  ( p )  
of 1. 5 to provide optimum pumping performance and maximum cooling at the 
fluorine driving p r e s s u r e s  that were  used. 
test conditions i n  fig. A-10, Appendix A. This figure shows that the minimum 
O:F rat io  is predicted to be 700. 
t ion of the injector that the SA injector,  a s  predicted, was not pumping suffi- 
cient LH2 and was operating extremely oxidizer-r ich;  this caused high flame 
temperatures .  The re  was extensive injector damage despite the fact  that the 
injector was buried in  liquid hydrogen. 
continue with additional SA t e s t s ,  because it was believed that SS injection 
could provide equivalent pressurizat ion efficiency without the r i s k  of injector 
burning and potential tank damage. 
S S  t e s t s ,  for  comparison with the SA resu l t s ,  was planned for Tes t s  18 
through 21. 

The SA t e s t s  a r e  plotted for  the 

It is c l e a r  f rom the data and f rom examina- 

It appeared pointless, therefore ,  to 

To  demonstrate  this thesis ,  a s e r i e s  of 

SS Injector T e s t s - - T e s t s  18 through 2 1  were  made with a shor t  copper SS 
injector,  with no injector heating, and no helium post-purge between drains.  
Except for Tes t  20, there  was no fur ther  injectant freezing problem. 
T e s t  20, the fluorine metering valve burned up, with the resu l t  that there  was 
a ve ry  low-flow fluorine injection and the injectant f roze i n  the SS injector. 
T h e r e  were  two explosions during injection, but t he re  was no injector damage; 
however, the injector was plugged with frozen H F  and neither fur ther  injection 
nor  the planned second dra in  was possible. 
zation charac te r i s t ics  quite s imi la r  to those of the SA mode, a s  shown in  
fig. 13 for Run 19. The p res su re  r i s e ,  again, is slow, requiring two 

During 

t 

The SS mode runs gave p res su r i -  
P 
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Figure IO. View into Tank During SA Test 

Figure 11. SA Injector Flame Deflector Modification 
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injections to reach  112 psi. The p res su re  collapses between injections (this 
is discussed in  detail below). As i n  the high p res su re  US run, the p re s su re  
peaks and decays rapidly during the initial drain,  then pressurizat ion keeps 
up with outflow. The copper SS injectors were comparable in  durability to 
the copper U S  injector (fig. 14). 

Injectant Freezing-  - F o r  the submerged injection t e s t s ,  injectant freezing 
was a pers is tent  possibility. Three  tes t s  (Tests 3 ,  15, and 20)  failed to 
achieve all t e s t  objectives because of injectant freezing. 
parameters  could be defined to ensure that injectant freezing did not occur ,  
heat  t ransfer  analysis was generated. 
with the standard forced convection heat t ransfer  correlat ion 

So that testing 

The data cor re la ted  remarkably well 

The computation was based on an average injector tube internal diameter  
of 0. 188 in. , and a cooling temperature  potential that was l inearly averaged 
along the injector tube. 
required to f reeze  the injectant at a given injectant flow rate.  

The resu l t s  a r e  shown in fig. 15 for the length 

Reaction Products (HF) Problems - - With the relatively la rge  quantities 
of F 2  used in the tes t  program (Table I ) ,  l a rge  quantities of hydrogen fluoride 
(HF) were generated. The H F  froze in  the LH2 and apparently most  of it was 
drained along with the LH2 during the testing, as evidenced by the seve re  
cor ros ion  of the drain l ine,  d ra in  valve, and flow control or i f ices;  however, 
a considerable quantity of H F  was left on the tank walls after the tes t s  and its 
disposal was a nuisance. Helium purging, evacuation, and tank heating were  
the steps used for  disposal. Corrosion and a build-up of metal  fluorides 
inside the tank required that the tank be cleaned af ter  every 3 o r  4 tests.  
is  believed that the dra in  line and t e s t  tank cor ros ion  was caused by the 
aquaeous H F  solution that was formed by water vapor that leaked and con- 
densed in  the tank between tes t s  (during the purging and heating). 
attacked the pyrex c a m e r a  port  during the tes t ,  and this required that the 
window be replaced between tests.  

It 

P u r e  HF 

It is apparent that HF could be a problem in  a flight sys tem,  par t icular ly  
i f  there  a r e  noncompatible mater ia l s  downstream of the tank, o r  i f  the H F  
becomes deposited in  a place where it can warm up or  come in  contact with 
water . 

Wal l  Heating--Excessive tank wall heating was anticipated to be a poten- 
During the tes ts ,  tial problem during the U. S .  t e s t s  with high ullage heating. 

some wall heating was found, but it was not significant f rom a s t ruc tura l  
standpoint. F r o m  Table I, the average ullage temperature  reached a maxi- 
m u m  of 528"R, but the measured wall temperature  never exceeded 100"R.  
Although the t e s t  tank was not flight-weight (3/16 in. walls) ,  no wall-heating 
problems a r e  anticipated for a vehicle application of the U. S. mode, because 
of the demonstrated insulating and heat-  sink potential of the hydrogen ullage 
vapor. 
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Ib) SS INJECTOR FOR TEST 21 

Figure 14. SS Injector Configuration 

(a) SS INJECTOR FOR TESTS 18,19 AND 20 
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Figure 15. Injectant Freezing Correlation for Submerged Injection 

Pressur iza t ion  Results 

Expulsion Correlat ion --One of the essent ia l  measurements  required for 
analysis of the pressurizat ion efficiency of the various injection techniques is 
the LH2 dra in  (expulsion) rate during the tes ts .  To measure  the LH2 dra in  
rate, an  or i f ice  was installed in  the vent /drain line downstream of the LH2 
dra in  valve with the twofold function of res t r ic t ing LH2 flow and providing a 
measurable  p r e s s u r e  differential for flow rate calculation. It was thought 
that  a l a rge  and a small orifice would provide two different LH2 flow rates. 
To s ize  the high- and low-flow orifices properly,  it was necessary  to make 
a compressible  flow analysis of the LHz drain system. 
f o r  the analysis and the apporpriate  flow coefficients were  obtained f rom a 
Crane  Company paper. * 

The basic equations 

F o r  the compressible  liquid hydrogen flow f rom the tank drain outlet to 
the orifice 

J KL Wt 
- 

4 A P L  - 
0 , 2 7 6  Y2 dL pL 

"Flow of Fluids through Valves, Fit t ings,  and Pipe: Technical Paper  No. 410. 
Crane Company, Chicago, Illinois, 1957. 
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If it is assumed that the liquid hydrogen will gasify at the flow orifice and 
i n  the vent s tack (because these were  at ambient tempera ture  and uninsulated) 
the compressible  gaseous hydrogen flow through the orifice is 

- APr - 
0. 276 Y 2  d C2 pg r 

And for  compressible  gaseous hydrogen flow in the vent pipe, 

2 4  
A P  = 

0. 276 Y d p 
g g  

The total  p re s su re  drop  f r o m  the tank to  ambient was the sum of Equa- 
tions (2) ,  (3 ) ,  and (4). If the data  f rom the Crane paper i s  used, and the 
equations f o r  the high-flow orifice (2 in, diam) are  solved, the line marked 
vapor in  vent i s  obtained i n  fig, 16, the high-flow LH2 flow ra te  correlation. 
A s imi la r  calculation for  the low-flow orif ice  (1. 375 in. diam) gives the s imi-  
l i a r  line in fig. 17, the low-flow LH2 flow r a t e  correlation. 

The assumption of vapor flow in the orifice gave resu l t s  that  indicated 
that the s ize  variation of the orifice would give a substantial change in  LH2 
flow ra te ,  because of the sizable var ia t ion in p re s su re  drop  ac ross  the o r i -  
fice. When the  tes t s  were  undertaken, however, i t  became apparent that, from 
the gush of LH2 out the vent s tack  during draining, t he re  was very  l i t t le boil- 
ing of the LH2, and the LH2 was staying liquid through the orifice and out the 
vent stack. Eqs. (2)  and (3) were  modified to reflect liquid density, and the 
solution showed that the orifice s ize  change had negligible effect on the LH2 
flow rate. 
and 17. 

The resu l t s  a r e  shown as  the line marked liquid in  vent in figs. 16 

The s t rongest  effect on LH2 flow ra t e  is the tank pressure .  During the 
t e s t s ,  the tank p r e s s u r e  var ied continuously, and so ,  probably, did the LH2 
flow rate.  Reduction of this g rea t  amount of continuously varying data was 
judged pointless;  ra ther ,  the average LH2 flow ra t e ,  over either the ent i re  
t e s t  o r  during chosen sections of the tes t ,  was more  representative.  
cor re la t ion  of these average flow r a t e s  with the analytical predictions i s  a lso 
shown in  fig. 16 and 17. 

The 

Tes ts  1 through 9 were  run  with the high-flow LH2 orifice (2  in, ID) 
Flow-rate  data f rom these runs a r e  shown in 

Many of the data points were  obtained by noting that successive 
These data 

installed i n  the dra in  line. 
fig. 16. 
thermocouples warmed up in  the hot ullage during expulsion. 
w e r e  in excellent agreement  with the analytical prediction as  shown. When 
complete expulsion was used for flow-rate correlat ion,  vapor pull-through:: 
occurred,  particularly a t  higher tank p res su res ,  which made the correlat ion 
uncertain (e. g. , Tes t  3 ) .  

:kVapor pull-through i s  the phenomenon of ullage gas ingestion into the tank 
d ra in  line during propellant outflow. 

32 



P 

I 

V w r 
m 
-1 

w 
I- 

- 
d 
s L 
z a 
n 

u. 

E 

z w 
(3 
0 
E 

>. 
I 

3 

-I 

n 

!2 
a 

10.0 
8.0 

6.0 

4.0 

2.0 

1 .o 
0.8 

0.6 

0.4 

0.2 

0.1 

41.0 6.0 t 
0.8 8 2  

Figure 16. Liquid Hydrogen Flow Rate Correlation - Hi-Flow Orifice 

6 

IN VENT 

NUMBERS INDICATE 

10 20 40 60 80 100 200 
PTANK (PSIG) 

LIQUID IN VENT 

NUMBERS INDICATE TESTS 

~ 

' \VAPOR IN VENT 

I I I I  

SA 

A ss 
SHADED: DRAIN BAFFLE USED 

FLAGGED: TIC 7 CORRELATION 

10 20 40 60 80 100 200 - 
PTANK (PSIG) 

Figure 17. Liquid Hydrogen Flow-Rate Correlation - Lo-Flow Orifice 

33 



F o r  Tes t s  10 through 14, the low-flow LHz or i f ice  (1. 375 in. ID) was 
used, and the correlat ion i s  shown i n  fig, 17. 
expulsion was used  f o r  correlat ion,  and the uncertainty caused by pull-through 
is  clear ly  shown. 
through, and the lower point is calculated by using the time to  p r e s s u r e  blow- 
down following pull -through. 

In m o s t  of these tests, total  

The higher point is calculated by using the t ime to pull- 

1 .o 
0.08 

0.06 

0.04 

0.02 

The uncertainty caused by pull-through led to  the installation of a baffle 
over the LH2 drain outlet for Tes t s  15 through 21, The baffle was a 3-in. - 
diameter  meta l  plate centered over the 1-in. -diameter drain,  and spaced 
1/4-in. away f rom and paral le l  to the drain line flange. Fig. 17 shows that 
the addition of the dra in  baffle markedly reduced the uncertainty caused by 
pull-through and gave a cor re la t ion  between the analytical l ines for liquid in  
vent and vapor in vent, which is real is t ic .  

- 
- 
- 

- 
18 

Fluorine Flow Rate Correlat ion--Also essent ia l  to the analysis of p r e s -  
surization efficiency is the knowledge of the fluorine flow ra t e  during injec- 
tion. Again the fluorine driving p res su re ,  tank p res su re ,  and fluorine flow 
ra te  varied continuously during the t e s t ,  so the flow ra te  of injected fluorine 
was computed by monitoring the decrease  i n  fluorine bottle p r e s s u r e  during 
the tes ts .  The t ime-averaged flow-rate was determined on the basis  of the 
actual  injection t ime and is shown for each t e s t  in  fig. 18. 

Also shown is the fluorine flow ra t e  cor re la t ion  determined f rom the 
simulated propellant GN2 and H2O) t e s t s  described in  Appendix A and shown 
a lso  i n  fig. A-5, for the SA injector configuration. The actual SA data for  

*- 

0.01 

0.008 - 
0.006 I CA LCU LP - 
0.004 - 

L. 

I I  1 I 1 I ,  
200 400 600 800 

I 3 G  / 

0.001 I-, 
10 20 40 60 80 100 

NUMBERS INDICATE 

I 
0 SA 

0 us 
NUMBERS INDICATE 
TESTS 

i D  FOR SA 

I 1 I 1  
00 

(PF2 - PT)A"G PSI 

Figure 18. Fluorine Injection Flow-Rate Correlation 

34 



fluorine injection co r re l a t e s  quite well, although the US and S S  data,  which 
a r e  based on a different sys tem configuration, do not ag ree  as well. 

I- 

Tank Prepressur iza t ion- -  Comparison of the relative efficiency of the 
injection modes when used for  tank press.urization pr ior  to expulsion is of 
g rea t  in te res t  f rom a vehicle sys tem standpoint. 
expected to demonstrate useful weight savings when used for  prepressur iza-  
tion. Two simple models a r e  useful for describing rapid prepressurizat ion 
by pure heat addition to the tank. 
particularly appropriate fo r  F2/H2 MTI, because smal l  quantities of injectant 
give large quantities of heat,  and the reaction products condense, giving 
essentially no pressurizat ion benefit. 

4 This is because MTI is 

' 

The assumption of pure heat addition is 

The first model assumes  that all of the pure heat addition is used to uni- 
formly  r a i s e  the tempera ture  (and thus the p r e s s u r e )  of the initial ullage gas. 
The analysis is shown in Appendix C. 
gas  in  the ullage) as a function of injection r a t e  and ullage volume, is 

Tank p res su re  r i s e  r a t e  (for perfect 

- (Y-1) QR LP - 
Winjectant 'b 

Fo r  a nearly full LH2 tank, the ullage may not be a perfect gas ,  but may 
consis t  of saturated vapor. 
f o r  the p re s su re  r i s e - r a t e  using actual physical propert ies  of saturated 
hydrogen. Actually, for  low initial tank p res su res  (e. g. , 20 ps ia ) ,  the com- 
putation based on saturated vapor propert ies  (e. g. , Cv), gives essentially 
identical resu l t s  as eq. (5) (for the c o r r e c t  Y ) .  F o r  example, at 20 psia 
init ial  tank p res su re ,  assuming a C, = 1. 5 gives resu l t s  identical with eq. (5) 
assuming Y = 1. 73. 
saturated H2 vapor at these conditions. 

Appendix C a lso  shows a technique for solving 

The assumptions for Cv and Y a r e  quite accurate  for 

The second model assumes  that all  reaction heat is used to vaporize (but 

The analytical technique that uses  propert ies  of saturated vapor is also 
not superheat)  liquid, and thus r a i s e  the tank p res su re  by ullage mass  addi- 
tion. 
shown in  Appendix C. The resu l t s  computed for this model have the same 
fo rm as  eq. (5) 

- Constant AP - 
v b  

injectant w 

Neither of the models accounts for  losses  of heat 
Such lo s ses  mere ly  the bulk liquid o r  the tank walls. 

p re s su re  r i s e - r a t e  compared to the ideal models. 

through heat t ransfer  to 
ref lect  a s  a decrease  in  

The analytical resu l t s  were  computed for an.initial tank p res su re  of 
20  psia and a r e  plotted with the parameters  d P / W  vs  v b  in  fig. 19. 

The prepressurizat ion data for the smal l -  and full-scale tes t s  a r e  a l so  
shown in fig. 19 with the small-scale  tes t  data in the upper left. The 
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smal l - sca le  data shown do not include all tests, but only those that were  p e r -  
formed under s imi la r  t e s t  conditions as the full-scale t e s t s ,  namely: 

(1) Tes t s  using ambient- temperature  G F 2  injectant. 

(2) T e s t s  that  showed vigorous react ion with no inhibition caused by 
oxygen content, o r  use of a preinjection helium purge. 

The f a i r  amount of data scatter shown may be caused by the fact  that  the 
ullage volume in the smal l - sca le  t e s t s  var ied  indeterminately by perhaps 20%, 
but a l l  data were  plotted a t  the estimated mean  ullage volume of 0. 04 ft3. 

The ful l -scale  data a r e  i n  the lower right of fig. 19. Again, t he re  is fa i r  
s ca t t e r  in  the data a t  the smal l  ullage volume of 1. 1 f t3 ;  this is attributable to 
e r r o r s  in ullage volume determination (except for the S S  data sca t t e r ,  which 
may be attributed also to the basic pressurizat ion indeterminacy of the mode). 
The p res su re  r i s e - r a t e  data were  based on the longest available injection 
times for each run, to reduce the effect of t ransient  surges  on overal l  tank 
pressurization. Only data taken during prepressurizat ion (at constant tank 
volume) were  included. 

The U S  t e s t  data co r re l a t e s  and follows the analytic t rend very  well, 
except that Tes t s  8 and 9 (shaded points) cause an upward t rend in p re s su r i -  
zation ra te  in the vicinity of a 7 ft3 ullage volume. With the data f rom these 
runs ignored, the averages of the US data a t  each ullage volume falls on the 
s t ra ight  dashed line shown. 
the reasons for  the increased pressur iza t ion  efficiency in these runs is d is -  
cussed  i n  detail la ter .  

The anomalous behavior of Tes t s  8 and 9 and 

The SA t e s t  data a lso co r re l a t e  ve ry  well f rom the smal l - sca le  ullage 
volume up to a n  ullage volume of about 6 ft3. 
efficiency r i s e s  sharply until it is s imi la r  to  the US mode a t  an  ullage volume 
of 13 ft3 (empty tank). This is because the SA (and the SS) injection mode is 
severe ly  penalized by heat l o s ses  to the liquid hydrogen. 
the losses  a r e  reduced, and all modes tend to p re s su r i ze  at  the same rate.  
This effect is  c lear ly  shown when the tank is full of liquid (ullage volume = 
1. 1 ft3). The heat losses  a r e  l a rge  enough to push the pressurizat ion r a t e  
averages down to only 57% of the predicted value; however, the dashed c o r -  
relation line shown is strongly dependent on the smal l - sca le  SA data for a 
half -full tank, which accounts for  the location of the correlation. 

Then, the pressurizat ion 

As the tank empties ,  

For the S S  t e s t s ,  the correlat ion trend is the same ,  and for the same  
reasons,  except that the basic pressurizat ion efficiency is lower than for  the 
SA mode. This is because the SA mode (even i n  the smal l - sca le  t e s t s )  gen- 
e ra l ly  exhibited some ullage space burning, which reduces the propensity 
f o r  heat t ransfer  losses  to  the liquid hydrogen, with resulting increases  in 
pressur iza t ion  efficiency. 

Pressur iza t ion  efficiency (compared to the analytic models)  vs amount of 
ullage is plotted in  fig. 20 for  selected anomalous and typical runs,  Each of 
the points shown was for  successive prepressurizat ions during each par t icu-  
l a r  run; thus, only runs that tested with multiple drains  a r e  shown. Tes t  14 
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i s  a typical U S  mode test. 
and remains  high until the ullage volume increases  to  the point where the 
additional heat t r ans fe r  l o s ses  (probably to the tank wal ls)  take effect and 
drive the pressurizat ion efficiency down. 
of Tes ts  8 and 9 a r e  quite different. The Tes t  Summary,  Table I, reveals  
that Tes ts  8 and 9 were  different f rom a l l  of the other U S  runs in  that the 
fluorine driving p res su re  in these runs was very low (< 20 psi). This low 
driving p res su re  resulted in low fluorine injection velocity, and thus, mini-  
mum penetration of the flame into the liquid hydrogen. Initially, with the 
tank full ,  the penetration (and thus the lo s ses )  is s imi la r  for a l l  U S  runs. As 
the tank empties ,  however, the efficiency of Tes ts  8 and 9 r i s e s ,  because the 
low velocity flame does not penetrate the liquid hydrogen and lose heat as i t  
did during the other U S  runs. 
increase ,  the increased heat losses  to  the tank walls dr ives  down the effi- 
ciency of  T e s t s  8 and 9. 

The pressurizat ion efficiency s t a r t s  fa i r ly  high 

The pressurizat ion charac te r i s t ics  

Again, as the ullage volume continues to 

As mentioned previously, the SA t es t s  have low efficiency with a full tank 
because of the long heat t r ans fe r  path through the liquid hydrogen. 
tank empties,  the heat losses  drop, and the SA efficiency approaches that of 
the U S  injector. 

As the 

38 



The SS t e s t  pressurizat ion efficiency is interesting in that it is extremely 
low (-2%) with a full tank, but increases  l inearly with ullage volume increase  
(or decrease  in  liquid level-heat t ransfer  length) and a l so  approaches the US 
efficiency with a n  empty tank. 

With la rge  ullage volume (and empty tank),  all of the injection modes 
tend to an  efficiency value of about 40% of the p re s su re  r i s e  r a t e  expected 
based on ullage heating. 
modes is the only way efficient pressurizat ion can be obtained. 

Thus the ullage heating that occurs  f rom these 

Expulsion Pressur iza t ion- -  MTI may also be used for propellant tank 
expulsion pressurizat ion for vehicle sys tems with pressure-fed engines 
(systems with pump-fed engines would probably use hydrogen bled f rom the 
engines for tank pressurizat ion during expulsion). 
a l so  of in te res t  to compare the relative efficiency of the injection modes 
when used for propellant expulsion pressurization. 
a r e  useful for describing constant p re s su re  tank expulsion by pure heat addi-  
tion, and the analyses based on these models a r e  shown in  Appendix C. 

F o r  this reason,  it is 

Again, two simple models 

The first model assumes  that all of the pure heat addition is used to uni- 
formly heat the ullage gas  so  that the ullage p re s su re  is maintained constant 
a s  the ullage volume expands (i. e. , the liquid in  the tank is removed). 
equation derived for perfect gas  in  the ullage, giving liquid outflow ra t e  a s  a 
function of injection r a t e  and ullage p re s su re  i s  

The 

Q 
- Y-1 R P L  -- W L H ~  

Winjectant Y pb 

Again, for a saturated vapor ullage, eq. (7) gives accurate  resu l t s  with 
the c o r r e c t  choice of Y. 

The second model assumes  that all  reaction heat is used to vaporize (but 
not superheat)  liquid, and thus maintain tank p res su re  constant (during liquid 
outflow) by ullage mass  addition. The resulting equation is 

WLH2 - - Q R P L  RTb 

Winj e c t ant QV pb 

b' Where T is the saturation tempera ture  at the ullage p re s su re  P b 

As in  the prepressurizat ion analyses ,  neither of the expulsion analyses 

The ana,lytical .results a r e  plotted, together 
accounts for  heat l o s ses ,  which reflect  as a decrease  in  expulsion efficiency 
compared to the ideal models. 
with the tes t  data,  for flow ra t e  ratio (WLH / W F  ) vs 

calculations for  ullage heating (eq. 7 )  again assumed a Y = 1. 7. 
sca le  t e s t  data shown (no expulsion was performed in  the small-scale  t e s t s )  

Pb  in fig. 21. The 2 2 
The full- 
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300 

were  taken f rom expulsion data where the tank p res su re  was essentially con- 
stant during both LH2 draining and fluorine injection. 
not necessar i ly  occur during some t e s t s ,  and occurred severa l  t imes  on 
others.  The data shown were  computed on the basis  of the average tank 
p r e s s u r e  during the selected t ime span. The  average expulsion flow ra te  was 
computed on the basis  of this average tank p res su re  and the correlat ions given 
in  figs. 16 and 17. The average fluorine-driving p res su re  during the selected 
drain t ime was used to determine the fluorine-injection ra te  f rom the c o r r e l a -  
t ion shown in fig, 18. Fur the r ,  the data were  computed only for drains  with 
ullage volume l e s s  than 9 0 %  of tank volume, for  reasons  that a r e  explained 
below. As could be expected f rom the averaging technique, there  is some 
data sca t te r ,  but it appears  no worse than the sca t te r  for the p rep res su r i za -  
tion data for which the determining var iables  were  bet ter  controlled. The 
data c lear ly  follow the trend predicted by the models,  with the US data lumped 
in the region of the ullage heating model, but the submerged data is lower in  
performance, near the vaporizatian model. (Except for  the shaded point, 
which represents  an interest ing anomalous t e s t  which i s  discussed in  detail  
onpage  3 9 . )  

.. 
These conditions did 

I t  was found that amount of ullage volume had a strong influence on the  
expulsion pressurizat ion efficiency, even though no such volume dependence 
appeared in the simplified analytical models. This is thought to be the resu l t  
of ullage-volume-dependent heat t ransfer  l o s ses  that a r e  not accounted €or in 
the analyses. The effect is not surpr is ing because ullage-volume-dependent 
efficiency losses  were observed in  the prepressurizat ion data discussed p r e -  
viously. To evaluate this ullage volume effect, the pressurizat ion efficiency 
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at the particular tank p res su re ,  was plotted vs average ullage volume percent 
(during the selected drain interval)  in  fig. 22. 

The US data drops off in efficiency with increasing ullage volume (dis- 
playing the same trend noted in the prepressur iza t ion  data)  up to an ullage 
f rac t ion  of 90%. At this point, the efficiency drops abruptly, probably due 
to  pull-through, which occurred when the tank was near ly  empty (for the US 
t e s t s  shown, which were  made before the dra in  baffle was installed). 

The submerged tes t s  follow a different t rend,  with the efficiency remain-  
ing relatively constant but lower than the U S  value, until the tank is near ly  
empty, when the efficiency r i s e s  to match that of the U S  mode. This t rend 
is s imi la r  to that found for  the prepressurizat ion efficiency. 

Tes t  19 i s  shown because the t e s t  data a r e  quite different f rom the other 
SS (or SA) data, 
109 psig for  near ly  the ent i re  second drain. 
f luorine injection r a t e  was just  right to match exactly the LH2 outflow ra te ,  

F o r  this tes t ,  the tank p res su re  remained constant a t  
This was fortuitous, because the 
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and thus keep the tank p r e s s u r e  constant (also with no apparent loss in  e f f i -  
ciency). Fu r the r ,  the efficiency during this dra in  was ve ry  high (-86%) and 
ve ry  s imi la r  to the efficiencies shown for  U S  mode injection. 
fo r  this anomalous behavior appear to  be that this par t icular  submerged r u n  
was  made for  prepressur iza t ion  and expulsion at high tank-pressure  
{- 100 psig). Because of the planned high tank p res su re ,  high-pressure,  high 
flow ra te ,  fluorine injection was used. 
the SS injection mode required that v e r y  long prepressurizat ion t imes  
(-23 seconds) were  required to reach  100 psig. It is believed that this  long, 
continuous, high-velocity fluorine injection c rea ted  a hole in the LH2 that 
reached f rom the ullage to the injector along the tank centerline and that the 
vapor in this  ullage extension was heated by injection in  the s a m e  way that 
U S  mode injection heats the ullage. This would give a high initial p re s su r i -  
zation efficiency that is comparable  to that of the US mode. 
high tank p res su re ,  the LH2 outflow r a t e  was quite high, so that the dra in  
f rom an ullage fraction of 44 to 78% (shown as the straight solid line) took 
place in  only 6. 6 seconds. 
t ransfer  and could explain the fact  that  efficiency remained uniform and high. 

The reasons  

The heavy prepressur iza t ion  losses  of 

Fu r the r ,  at this 

This shor t  time gives little opportunity for  heat 

Again, with la rge  ullage volume (and empty tank), a l l  of the injection 
modes tend to an efficiency value of about 5070 of the ullage heating prediction. 

P r e s s u r e  Collapse Correlation-- The p r e s s u r e  collapse in the ullage 
that follows prepressur iza t ion  injection is an  important pa rame te r  in 
defining the efficiency of the injection modes;  the proper  control of this 
collapse may be vital  for advanced miss ions  where there  is substantial  delay 
between tank prepressur iza t ion  and engine s t a r t .  In the small-  scale  t e s t s ,  
i t  was found that the US mode ,tended toward substantial  p r e s s u r e  collapse, 
but the submerged modes did not. This effect was thought to be caused by 
ullage heating (and subsequent collapse) in the US mode, and mass vaporiza- 
tion (without collapse) in  the submerged modes.  In these tes ts ,  p r e s s u r e  
collapse occurred  immediately af ter  a single, ve ry  short  injection 
( - 100 m s e c )  and the phenomenon was confused by scale  effects (including 
sloshing) in the  small vessel ,  so  that an  actual  collapse.correlation was 
not possible.  

However, in the full-scale t e s t s ,  with continuous fluorine injection and a 
v.ery hot f lame,  p re s su re  collapse tends to occur a l l  the t ime during p rep res -  
sur izat ion and expulsion, because the potential for heat t ransfer  to walls o r  
liquid is always present.  This collapse is reflected as an  efficiency loss, a s  
descr ibed in  the preceding sections. 
t r ans fe r  phenomenon, it depends strongly on ullage temperature  and, thus, 
heat t ransfer  potential. 
generally occurred ;  with very  high tempera tures  (burning injectors)  in one 
par t  of the tank, and LH2 temperature  tank walls elsewhere. Because of the 
difficulty of determining the effective ullage tempera tures  under such condi- 
t ions,  the equivalent (and more  reliably measured)  pa rame te r ,  p re s su re  t imes  
volume, ( P V )  w a s  used f o r  collapse correlation. 
in ps i l s ec  is plotted vs  the parameter  P V  in  fig. 23. 

LH2 draining taking place. 
draining pr ior  to  the end of F 2  injection. ) 

Because collapse is basically a heat 

In the ful l -scale  t e s t s ,  ex t reme tempera ture  gradients 

\ 

The p r e s s u r e  collapse r a t e  
The data shown were  

determined for  those few t e s t s  where collapse followed F 2  injection with no "W 

(Many ear ly  US tes t s  had rapid p r e s s u r e  r i s e  and 
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The US mode shows an  inc rease  in  collapse rate with P V ,  as would be 
expected f rom the previously mentioned prepressurizat ion and expulsion 
pressurizat ion efficiency t rends that indicate higher loss  (collapse) at large 
ullage fractions.  
(8. 3 %  ullage). The SS data shown have much l a rge r  collapse r a t e s  when the 
tank i s  full than the US mode. This implies that the SS mode may give p r e s -  
su re  r i s e  f rom the creat ion of very  hot vapor bubbles, which then lose heat 
i n  the surrounding liquid (and col lapse)  once injection ceases .  This collapse 
happens rapidly. F o r  Tests 19 and 21  (shown shaded) the initial collapse took 
only 0. 5 second; then there  was no fur ther  collapse. In fact ,  inTest  2 1 ,  the 
p r e s s u r e  r o s e  3 psi  during the next 24  seconds (due, likely, to heat leak into 
the tank. ) Other submerged tes t s  a lso displayed no fur ther  collapse af ter  
the initial sha rp  drop. 

The shaded points a r e  for collapse with a full tank 

In Tes t  19, however, collapse is  quite pronounced, because, as descr ibed 
previously, the mode was  performing as the US mode, and the t rend  for  this 
t e s t  approaches the US mode trend. Fur ther ,  the SA mode, when it 
operated into an  empty tank, a l so  tended to behave like the US mode--with 
equivalent collapse ra te .  

The t rends  shown again reinforce the resul ts  shown previously for t rends  
of efficiency lo s s ,  demonstrated by p r e s s u r e  collapse,  in all  of the injection 
modes. 
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CONCLUSIONS 

As a resu l t  of the full-scale injector t e s t  program i t  has been found that 
fluorine-hydrogen MTI i s  a feasible pressurizat ion technique f o r  a liquid 
hydrogen tank; however, tank pressurizat ion can be efficiently attained only by 
ullage heating, ra ther  than by vaporization of hydrogen. Manual control of the 
tank p res su re  during prepressurizat ion and expulsion was demonstrated, and 
the extension to a n  automatic tank p r e s s u r e  control system appears  straight- 
forward. The MTI technique can be made to perform in a reliable and 
repeatable fashion, a s  evidenced by the following specific conclusions: 

Reliable ignition and re-ignition was demonstrated in  all injection 
modes (US, SA, and SS). In the submerged modes,  injectant f reez-  
ing and detonation was an  occasional problem. The injector config- 
uration c r i t e r i a  that a r e  necessary  to eliminate the problem were 
developed. 

An injector burning problem in the US mode was solved by the use  of 
a copper injector. 
spots leading to injector destruction. 
significantly affected by injector burning. 

The high thermal  conductivity eliminated hot 
Tank pressurizat ion was not 

The US injector mode demonstrated efficient and rapid tank p res -  
surization by ullage heating and required minimum fluorine for  tank 
prepressurizat ion and propellant expulsion. 

The SA injector did not operate satisfactorily:  It was unable to pump 
(by aspiration) sufficient hydrogen fo r  vaporization and injector cool- 
ing. The injector always operated extremely oxidizer (fluorine)-- 
r ich  and very  hot, which resulted in  severe  damage to the injector 
as the tank emptied. 

The SS injection mode has very low pressurizat ion efficiency when i t  
i s  operating into a full tank because of l a rge  heat l o s ses  to the liquid, 
but the efficiency improves a s  the tank empties,  and approaches the 
U S  mode, in  operation and efficiency, with a near ly  empty tank. With 
high-pressure fluorine injection, the SS mode approaches the opera-  
tion and efficiency of the US mode fo r  a half-full tank. 

The generation of l a rge  quantities of H F  in  the course of the program 
was an annoyance as far a s  disposal was concerned, but did negligible 
damage to the tank inter ior .  However, the H F  is drained along with 
the hydrogen and, in  sufficient quantities, could cause vehicle sub- 
system problems,  par t icular ly  i f  allowed to warm up and contact 
water. 
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(7) Wall heating during the US mode t e s t s  was not a significant 
problem, and some p res su re  collapse, probably due to heat 
t r a n s f e r  to the wallst was observed during the US mode t e s t s  
with a near ly  empty tank. 

(8) The tes t  p rog ram generated much valuable MTI sys tem design 
data that included: 

(A) Correlat ion of prepressurizat ion t rends  with simple models and 
determination of relative injection mode efficiency. 

(B) Pressur iza t ion  during expulsion showed similar efficiency t rends 
that a l so  co r re l a t e  well with simple models,  

It i s  recommended that m o r e  detailed and sophisticated models, which 
would include provisions far  heat  t r ans fe r  modes, be developed to predict  
injection lo s ses  and more  exactly cor re la te  the data, so that m o r e  confident 
extrapolation f rom the existing tes t  data to a rb i t r a ry  tank s izes  and liquid 
levels is possible,  
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Appendix A 

SA INJECTOR ANALYSIS AND DEVELOPMENT 

PRELIMINARY ANALYSIS 

The configuration for  the prel iminary analysis is shown in fig. A-1 and 
the symbols a r e  defined in Nomenclature. 
sible,  per fec t -gasJ  isentropic flow of the fluorine and incompressible flow of 
the LH2. 
a c r o s s  the fluid interface. 

The analysis a s sumes  compres-  

It is a l so  assumed that there  is no heat t r ans fe r  or  shea r  force  
The momentum equation for the sys tem is  

for  the configuration shown, 
, 

PdAL A $(P1 t P2)(AL - A  and P2 = Pb 
2 L1 

The continuity equation for the liquid is  

Combining and rearranging gives the expression for  the entering and exiting 
liquid a r e a  ratio: 

A 

A 
L2 

L1 

- 
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GAS 

Figure A-1. SA Analysis Model L 

I L  

The continuity equation for the g a s  i s  

and the equation of s ta te  is 

Combining and rearranging gives 

A 
A 82 = (?)($)(%) 

81 
(A-2) 
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Also 

. 

/ 

A 

t (A-5) 

- A2 

A1 

A t A  

t A  
L2 82 

A 

t L2 

A 
81 

+A, 

F r o m  Bernoulli 's equation for the liquid: 

Also, the following equations apply t o  the gas  flow: 

0 
P 

U = M l l y g R T ' -  
81 81 81 

T 

M =  
82  

U = M d y g R T  
8 2  82  8 2  

(A- 3)  

(A-4) 
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Equations (A-1) through (A-5) were  programmed in Intercom Language 
for  the RCA 70-45 digital computer and were  solved for  

Because of the f o r m  of the equations, with a l l  var iables  floating, and no 
closed-form solution, assumptions had to be made for  many of the pertinent 
variables.  The smal l - sca le  testing indicated that the injectant Mach number 
in these  tests var ied between about 0. 1 and 0. 5, and thus,  these values were  
assumed to  b e  the range of Mgl. 
Po, Pb ,  To, A Z ,  and Agl on the bas i s  of the anticipated full-scale test 
configuration. 

Appropriate assumptions were  made for  

The input values of (3 were  1/3, 1, and 3. 

An additional assumption was needed for  the rat io  U L ~ / U L ~  because in 
the initial analysis ,  the ra t io  A2/A1 was allowed to  vary. 
model configuration, the selected rat io  U L ~ / U L ~  was quite small .  Fur ther ,  
as the resu l t s  were  generated,  it was found that the parameter  (Po - Pb)  had 
to  be  of a low-value (-0. 5 ps i )  to achieve good pumping performance. The 
initial resu l t s  of this simplified analysis are  shown in fig, A-2. 
ra t io  (A)  decreases  with a decrease  in pumping a r e a  rat io  ((3) and an  increase  
in back pressure .  
back p r e s s u r e  will dec rease  the incoming Mach number and a l so  cause  a 
decrease  in X,  as shown. 
is  equivalent to an increase in oxidizer-fuel ( 0 : F )  ra t io  and therefore ,  an  
increase in flame temperature .  
of 500"R, which is  the maximum recommended for  normal  pressurization. 
Fig.  A-2 shows that a p = 1 gives a A 2 4 even with increases  in back 
pressure .  

Because of the 

The pumping 

W i t h  a constant p r e s s u r e  fluorine supply, an increase  in 

This t rend is significant because a dec rease  in X 

X = 4 gives a n  equilibrium flame tempera ture  

A p = 3 gives much l a rge r  values of 1. 

It appears  that  some of the assumptions of the analysis ,  par t icular ly  the 
assumptions of one-dimensional flow and Pg = PL1,  b reak  down at l a rge  
values of (3. 
aspi ra tor  design when, with a p = 5, t he re  was r eve r se  flow in the pumping 
area .  

This was observed experimentally with the original smal l - sca le  

An SA injector that was designed f r o m  this prel iminary analysis and the 
smal l - sca le  t e s t  data gave problems during the injector testing with F2 and 
LH2, a s  discussed in Results. Because of these SA injector problems,  it 
was decided that simulated propellant tests would be  performed on an identical 
spa re  SA injector and that H 2 0  and gaseous nitrogen would be used to s imulate  
the LH2 and GF2. 
pumping (aspiration) performance and then to compare the resu l t s  with the 
prel iminary (or  a modified) analysis and extrapolate the resul ts  to  predict  
injector performance with LH2 and GF2; the t e s t  paramete.rs such as the 
required GF2 driving p r e s s u r e  could then be redefined. 

The purpose of these t e s t s  was to  verify and map injector 
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Figure A-2. Preliminary SA Injector Performance 
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SIMULATED PROPELLANT TESTING 

The test apparatus  that was used in the simulated propellant t e s t s  is 
shown schematically in fig. A-3. 
by 4-ft tank, 
through the tank wall was sealed,  both at the top and bottom of the tank. 
tank was filled with water  t o  a level of 1, 27 f t  above the injector nozzle. 
1-in. -diam collector tube was fastened to the injector tube; this tube extended 
down to a graduated cylinder where the pumped water  was collected and mea-  
sured. 

The injector was assembled in a 2-ft-diam 
The injector tube extended out of the tank and the penetration 

The 
A 

The overall  water  t e s t  facility is shown in fig. A-4. 

During each run, the tank was vented to the atmosphere by a 1/4-in. - 
diam vent l ine that penetrated the bottom of the tank and extended up to  the 
liquid level. The liquid level  was maintained by filling the tank slightly above 
the vent line level and then allowing the tank to  dra in  through the vent, 
vent line was a l so  used t o  check the r eve r se  flow through the asp i ra tor  during 
each run. This check was accomplished by using leak detection soap solution 
at the vent exit. GN2 was supplied by a bank of cylinders that were  regulated 
to the des i red  pressure .  
turbine flowmeter and pulse r a t e  converter.  Static r e s s u r e s  were  measured  
a t  two positions downstream of the injector valve (Pz and Py). 
p r e s s u r e  ups t ream of the injector valve (Pb) was measured  in a total  p r e s -  
su re  chamber. When the injector valve was opened a surge  of water  (-100 cc)  
was delivered to  the graduated cylinder. This was,  p r imar i ly ,  the water that 
was contained in the injector tube. So a s  not to include t ransient  s tar t ing con- 
ditions, the t e s t  measurements  began af ter  the collector flow appeared to  be 
steady. At the beginning and end 
of each run, the GN2 flow ra te ,  the p r e s s u r e s ,  and the water  level  in the 
graduated cylinder were  recorded. Table A-1 shows the data obtained in the 
31 runs during which the total driving p r e s s u r e  P b ,  and the injector a r e a  
ratio (p = liquid flow area /gas  flow area) were  varied for each run. 
varied by the adjustment build into the injector. The back p res su re ,  Pb, 
was kept constant at 14. 7 psia  by the tank vent. 

The 

The GN2 flow ra te  was measu red  by a calibrated 

t: The total  

The test duration f o r  each run was 5 min. 

p was 

The s ta t ic  p r e s s u r e  measurements  made downstream of the injector 
valve (P: and P f ) ,  together with the GN2 flow rate ,  provided the information 
necessary  for  the computation of the total p r e s s u r e  at this location (P:2 and 
Pgl). Fur ther ,  it was shown that  

d 
p l l  All = constant = 3. 88 C 

o g  

throughout the p r e s s u r e  (P'J range f r o m  80 t o  250 psig. 
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Figure A-4. Injector Water Test Facility 

A total p r e s s u r e  of 80 psig was the lowest pract ical  value for  the full- 
scale  MTI t e s t s ,  because this corresponded to a fluorine dr iving-pressure 
downstream f r o m  the injector valve of about 30 psig (which was equal to the 
lowest tank p r e s s u r e  tested). 

The f o r m  of the equation shows that the flow is  choked, and the data a r e  
matched by a discharge coefficient /Cd) of 0. 73,  a s  shown in fig. A-5. This 
discharge coefficient corresponds to that of a choked-sharp-edged orifice 
given by Shapiro. 'I. This discharge coefficient now defines the total  p r e s s u r e  
(P$), in the injector that i s  required to  analyze the pumping performance. 
This curve was a l so  extrapolated for  G F 2  flow by mere ly  multiplying the GN2 
flow by the square root of the molecular weight ratio 

.b 

::'Shapiro, A. H. : The Dynamics and Thermodynamics of Compressible Fluid 
Flow. Ronald P r e s s ,  1953. 
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T A B L E  A - I  

S IMULATED P R O P E L L A N T  T E S T  SUMMARY 

1 250 
2 200 
3 150  
4 100  
5 8 0  
6 3 0  
7 1 5  
8 60 
9 7 

6 2  5 7  
50 44 
36  3 0  
23  1 7  
1 7  1 2  

7 2 
5 0 

1 1 . 5  8 
0 0 

5 .40  0.00682 
4 .60  0 .00580 
3. 70 0. 00470 
2 .42  0. 00330 
2 . 0 5  0 .00261 
1 .20  0.00152 
0 .80  0.00102 
1 . 7 5  0.00222 

- 0. 00025 

60 0 ,000441 
9 5  0.000698 

232 0. 00171 
280 0.00206 
305  0 .00224 
210 0 .00155 
155 0 .00114 
282 0 .00207 

75 0.000552 

10  250* 63 56 
11 200::: 48 43 
1 2  150  3 5  3 0  
13  100  2 1 . 5  1 7  
14 8 0  16 12  
1 5  6 0  12  8 
16 30  7 2 
1 7  1 5  4 0 

5 . 4 0  0. 00682 
4. 60 0 .00580 
3 . 7 0  0.00470 
2 . 6 0  0. 00340 
2 .05  0. 00261 
1 . 7 0  0.00219 
1 . 2 0  0. 00152 
0 . 8 0  0 .00102  

5 0 ,0000368 
30  0.000221 

145 0.001065 
176 0. 001295 
190 0 .00140 
185 0.00136 
160 0. 001175 
109 0. 00080 

18 248 63 56 5:40 0 .00682 112 0. 000823 
19 200 51  4 3 . 5  4. 60 0.00580 167  0.001225 
20 150  34 3 0  3 . 8 0  0.00480 222 0 ,00163 
21 100  2 0  1 7  2. 52 0. 00319 208 0.00153 
22 8 0  1 5  11 2. 1 0  0. 00266 170 0. 00125 
23 60 1 0  7 1 . 7 5  0.00222 131 0.000963 
24  3 0  5 1 1 . 2 5  0.00158 6 5  0.000478 

2 5  1 0 4  20 1 7  2 . 4 2  0. 00306 149 0.001095 
26 150:: 33  3 0  3 . 6 0  0. 00456 120 0.000882 
2 7  202::: 4 7  43 4. 50 0. 00569 49 0.000360 
28  250::: 61 56 4 . 6 0  0. 00558 1 0  0.0000735 
29 60 13 8 1 . 6 5  0. 00208 168 0.001235 
3 0  40 8 4 1 . 4 0  0 ,00177 161 0.001180 
31 30  4 2 1 . 2 0  0.00152 136 0.001000 

:: Backf low 
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Figure A-5. G N 2  Flow Rate Vs. Total Pressure 

The actual water pumping performance of the injector is  mapped in 
fig. A-6. Here ,  the flow ra te  ratio ( A )  in lb/sec of water  p e r  Ib/sec of GN2 
i s  plotted a s  a function of the pumping a r e a  ra t io  (p) with P b  as a parameter .  
The pumping performance ( A )  increases  with p to a maximum, then falls off 
with fur ther  increase in p. 
decreases .  
this was experimentally observed at the five points shown. 
maximum A ,  although not exactly determined, a r e  bracketed by the experi-  
mental  data,  which allow for  extrapolation of the calculated (solid) l ines by 
the dashed l ines shown. 

A a l so  increases  as the driving p r e s s u r e  (Pb) 

The points of 
At high p and high P b ,  there  is r eve r se  flow in the asp i ra tor ;  

MOD I F  IE D ANAL Y S IS 

The prel iminary analysis was modified to  conform to the actual injector 
configuration. The prel iminary analysis was for the injector configuration 
shown in fig. A-7aJ but the actual configuration is shown in fig. A-7b. In 
the process  of the modification of the analysis ,  some of the equations were  
rewrit ten to conform bet ter  to the model and revised assumptions; e. g. , the 
asp i ra tor  was a constant-diameter tube; and the entering gas flow was sonic 
o r  near-sonic.  The revised equations were as  follows: 

. 
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The momentum equation for the sys t em is still 

+ P A  - P A  = l L p d A L  0 (A-6) - -  
L2 L1 

and for the configuration shown, 

1 PdAL = -(PI t P2)(AL - A ) with P2 = Pb 
2 L1 J 2 

0 

The coctinuity equation for the liquid is writ ten as 

wL = PLPAglUL1 

F r o m  Bernoulli 's equation the velocity of the liquid a t  station 1 is 

1/2. 

U L1 = [ 2 p i L P 1  t ..I] 
Also, the following equations still apply to the g a s  flow: 

0 
P 

Y- 1/Y 

M =  
8 2  

(A-7) 

(A-8)  

(A-9) 
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The difference between these and the original equations is that the condi- 
t ions at Station 2 and the variable A2/A1 are  no longer required. Because 
of this  simplification, a n  explicit solution can now be obtained in t e r m s  of 
the input parameters .  Again, the equations were  programmed in Intercom 
Language for  the RCA 70-45 digital computer and were  solved for  

in t e r m s  of geometric and fluid parameters .  

The performance f r o m  the water  t e s t s ,  however, was not predictable with 
this model, because of the actual injector nozzle -throat configuration shown 
in fig. A-7b. Were, the liquid flow encounters a sudden contraction a t  the 
annular entrance,  followed by a gradual contraction to  Station 1,  a sudden 
expansion, and then gradual contraction to Station 2. 

The flow los ses  caused by these expansions and contractions combine 
to  cause a net head (p re s su re )  loss.  Fu r the r ,  the liquid a r e a  at Station 1, 
A L ~ ,  is  not equal t o  PA 1, a s  was the case  for  the sharp-edged nozzle in 
the simple model, fig. 1-7a.  
l o s s ,  a discharge coefficient CdL was incorporated into the continuity 
equation as  follows: 

To account for this  a r e a  difference and head 

W L  = PLPA U 
81 LICdL 

(A- 1 0 )  

where 

- - 
C dL - ‘WLCA 

With the experimental  data f rom the water  tests, solution of eqs. (A-6), 
(A-8), (A-9), and (A- lo) ,  resul ted in values of CdL as a function of p, as 
shown in fig. A-8. 
(corresponding to  CA = 0). 

The dotted l ines shown a r e  extrapolated to z e r o  

To use  the discharge coefficient (CdL) for  prediction of the performance 
of the SA injector when it is operating with LH2 and GF2,  it is necessa ry  to  
determine the dependence of CdL on Reynold’s number, which i s  the applicable 
s imilar i ty  parameter .  Based on the Reynold’s number f o r m  

Wd Re = - 
AP 
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Figure A-8. Water Discharge Coefficient for SA Injector 

where W is the actual water flow ra t e  and d is the actual flow gap distance 
(at a par t icular  p ) ;  CdL is plotted versus  Reynolds number in fig. A-9. The 
points at  which there  was backflow a r e  not included, and the points for  p = 0. 4 
a r e  not included, because they a r e  over the hump in the h - p curve (fig. A-6) 
and a r e  not represented by the same  configuration and flow model as the 
remaining points. Actually, the region between p = 0 and p = PEAK conforms 
to  the analytical h - (3 variation, but past  the peak, the analytical assumptions 
b reak  down and the CdL's  begin to take effect. 
may  be assumed that the CdL curve bends to  the horizontal a t  higher Reynold's 
numbers. 

The flow is very laminar:  it 

In the range of Reynold's numbers f r o m  10 to 100, the correlat ion 

C = 0. 0018 Re 
d L  

fits the data well. 

Applying the CdL correlation, and solving eqs. (A-6), (A-8), (A-9), and 
(A-10) for the LH2 and G F 2  sys tem gives the resu l t s  shown in fig. A-10. 
Here,  the inverse of the pumping ratio,  1/h (which is identical to the oxidizer- 
fuel,  O:F, ra t io) ,  in the injector is plotted versus  p ,  and driving p r e s s u r e  
(Pb. - Pb).  
stoichiometric,  because of the low pumping efficiency. 

The injector is always operating a t  a n  O:F rat io  f a r  above 
Much of this low 
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Figure A-9. Liquid Discharge Coefficient vs Reynolds' Number 

efficiency and low CdL can be blamed on the small scale  of the injector that ,  
due to adjustability, included sha rp  edges and expansions that could be 
eliminated by revised design and different manufacturing techniques. How- 
ever ,  even with ideal (CdL = l ,  0)  flow, the injector usually operates  oxidizer- 
r ich  as shown in fig. A-11. Here  the p r e s s u r e  parameter  is (Po2 - Pb)  for  
comparison with the original analytical p r e s s u r e  parameter ,  (Po - P b )  with 
which it is identical. The original performance prediction i s  shown at the 
bottom of fig. A-11. Even at low values of (Po - Pb) ,  this  prediction is con- 
siderably different f r o m  the revised prediction (shown a t  the top of fig, A-11). 
This variation i s  caused by the different f o r m  of the equations in the original 
analysis,  including the floating parameter  A2/A1 and the assumptions that 
a r e  required to  define the flow conditions at Station 2. In addition, such low 
values of (PO - P b )  a r e  not physically realizable,  even ideally, because a 
l a rge r  value of this parameter  is required for  the choked flow that actually 
occurs.  

- 

The actual performance with this injector is even worse,  which is  not too . .  _ 1 _ 1  -8 . 1 C . 7  1 PP. surpris ing,  because even well aesignea gas-gas  pumps nave Iair iy  LOW e n i -  
ciencies (<247'0) and pumping capacities. ''* Gas-liquid pumps could be expected 
to be even l e s s  efficient. Worse yet, an  increase  in the pumping efficiency 
dr ives  the injector c loser  to stoichiometric with a resultant increase in flame 
tempera ture ,  as shown in fig. A-10.  

*Stephanoff, A. J. : Centrifugal and Axial Flow Pumps,  Theory, Design, and 
Application. John Wiley and Sons, Inc. , 1948. 
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The implications of this charac te r i s t ic  on the utility of the SA injector 
a r e  profound: 

(1) The SA injector is incapable of pumping excess  LH2 to  run fuel-rich,  
keep the injector cool, and pe r fo rm its des i red  function of vaporizing 
hydrogen in a predictable manner for  tank pressurization. 

The oxidizer-r ich rat io  burns indeterminately throughout the length 
of the injector and in the ullage. The burning is a lso extremely hot; 
it  gives no injector heating protection and it leads predictably to 
injector burning. 

(2) 

65 





Appendix B 

TEST FACILITY DESCRIPTION AND PROCEDURES 

TEST APPARATUS 

The injector testing apparatus and facil i ty are shown schematically in 
fig. B-1. The re  were  two basic  loops: (1) the LH2 fill, drain,  and vent sys-  
t e m  and(2) the GF2 supply and injection systems;  the only contact of the two 
loops w a s  at the injector valve. 
GLCH-60 s torage tank through a hand-operated valve mounted on the s torage 
tank (V18) (Table B-I  contains valve nomenclature) to the remotely operated 
f i l l  valve (Hl) .  It then flows into a 1-in. vacuum-jacketed f i l l  line to the t e s t  
tank. The t e s t  tank was evacuated through the f i l l  line and valve (Hl )  and the 
vacuum valve (H2). A calcium-hydroxide scrubber  w a s  situated upstream of 
the H2 vacuum pump to remove any H F  that might have remained in the tank 
af ter  a test. 
the  drain valve (H6), through the flow orifice, and out the vent stack. 
tes t  tank was vented through a 2-in. insulated line to the vent valve (H7) and 
then through a 2-in. uninsulated line to the vent stack. 

LH2 was  supplied f rom an Air  Products  

The LH2 was drained through a 1-in. vacuum-jacketed line to 
The 

The GF2 control loop supplied fluorine f r o m  a standard supply cylinder 
through the prevalve (F9) .  
(GF1). 
scrubbed through th'e vacuum valve (F 10) and another calcium hydroxide 
scrubber.  
flow throttling valve (F12). 
(o r  helium) through F13. 

The cylinder p r e s s u r e  was monitored by the gage 
The injection system downstream of the prevalve was  evacuated and F2-  

A compound gage (GF2) monitored the p r e s s u r e  ups t ream of the 
The injection system was purged with nitrogen 

The point of contact of the  two loops was the injector valve (F14). 
valve was a solenoid-actuated, pneumatically (helium) operated valve made 
by the Fox Valve Development Company; it had a copper-to-stainless-steel  
sea t  and was compatible with both liquid and gaseous fluorine. 
(together with many of the other valves shown) was used on the  small-scale 
t e s t  program; it gave excellent performance then and in  this  program as well. 

This 

This valve 

The auxiliary loops shown were  used to p re s su r i ze  the t e s t  tank with 
helium through H5, and monitor the t e s t  tank p r e s s u r e  at the gage (GH). 
LH2 that remains  in  the tes t  tank and that could not be drained through the 
normal  dra in  line to  H6 was  drained through the auxiliary drain valve (H6A). 

The 

All valves were  remotely operated, except the metering valves and the 
propellant supply hand-operated valves. The facility was designed to give 
completely remote operation, f rom the  operation of flowing LH2 into the t e s t  
tank, through injection, to reaction pressurizat ion and LH2 expulsion. 
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The t e s t  tank used fo r  the  full-scale testing was a specially made  
stainless-steel ,  vacuum-jacketed, and superinsulated LH2 Dewar. T h e  
tank internal  dimensions were  24 in. d iam by 60 in. deep. The inner vessel 
was built to  ASME code specifications f o r  a working p r e s s u r e  of 200 psig. 
A bottom penetration was provided (for injection) through the vacuum jacket. 
The  penetration itself was sealed and evacuated through valve H4 to  prevent 
cryopumping of air into the  penetration. Except for  this  small ( - 3 / 8  in.) 
bottom penetration, all penetrations into the tank were  through the test tank 
cover,  which was made  f rom a s ta inless-s teel ,  150-lb, ASA blind flange. 
This  cover was bolted to a mating flange on the tank and sealed with a 
1100-0 aluminum gasket that  was encapsulated in a tongue and groove. 

The cover penetrations included f i l l ,  drain,  vent, and pressur iza t ion  

If the rupture  disc  had burs t  while the tank was 
l ines;  light and c a m e r a  ports ;  thermocouple and other  sensor  lead penetra- 
tions; and a rupture  disc. 
full  of LH2, a pneumatically operated burs t  orifice shutoff valve (H8) would 
have been used to allow the tank to be pressur ized  with helium before it was 
drained. 
nental d i sc  set  at 250 psig *4% (with a vacuum support) was used. 
head assembly and all l ines were  bolted to the cover with high s t rength 
s ta inless-s teel  bolts (A-286) and sealed with f la t ,gaskets  fabricated f rom a 
1/4-in. sheet of low tempera ture  silicone rubber (specification MIL-R-5847D 
Class  I, Grade 32). These  sea ls  showed no detectable leakage even with a 
helium p r e s s u r e  of 100 psig. 

A 3-in. rupture  d isc  would vent t he  tank in l e s s  than 1 sec: a Conti- 
The bu r s t  

The light and c a m e r a  ports  were 3 in. in diam and were originally made  
of 3/4-in. -thick polished Pyrex; however, during the init ial  checkout tes t s ,  
the intense heat f rom the lights cracked the thick Pyrex. New windows were 
made  f rom th ree  laminations of 1/4-in. -thick Vycor; these  windows proved 
to be much m o r e  heat res i s tan t  and were  unharmed throughout the remainder  
of the testing. 

To comply with safety requirements ,  the  motion-picture c a m e r a  and 
lights, a s  well a s  the vacuum pumps, were enclosed in purge boxes that were  
continuously pressur ized  and purged with iner t  GN2 during operation t o  pre-  
vent deflagration of any leaking hydrogen f rom these potential ignition sources ,  

The internal  configuration of the t e s t  apparatus is shown in fig. B-2. A 
stainless-s teel  fa l se  bottom, 18 in. in diam, was used to provide many design 
benefits: 

(1) A normal  bottom dra in  configuration, so that the effect of draining 
on SA injector operation could be studied. 

(2)  An effective baffle to dampen s losh during filling (the f i l l  l ine reaches 
below the fa l se  bottom). 

(3) A polished (and dimensionally indexed) surface that ref lects  light and 
aids in internal  tank illumination, but is easily removed f o r  
recleaning. 
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Light t ransmiss ion  tubes guide light f rom the lighting por t s  in the cover  to  
the false bottom where it is reflected and used to backlight the injector 
region. These  tubes are made f r o m  3-in. -diam stainless-s teel  pipe, with 
s ta inless-s teel  m i r r o r s  in the scarfed tube bottoms. T e s t s  in  water with a 
similar tankage configuration showed that this  technique eliminated surface 
reflection and glare .  

INSTRUMENTATION 

The basic  instrumentation requirements  fo r  the full-scale testing 
provided fo r  visual t e s t  coverage (by high-speed motion pictures)  of the  
t e s t  tank in te r ior  and recorded p r e s s u r e s  and tempera tures  at points of 
in te res t  inside and outside of the  tank. 
Milliken DBM5B with a 400-ft film capacity and a Kern Switar lOmm f / l .  6 
lens. The chosen framing r a t e  represented a compromise between framing 
speed and motion-picture duration, because it was impract ical  to reload the 
c a m e r a  during testing. 
sec;  this allowed about 60 sec  of coverage, which was sufficient for  virtually 
all of the tes ts .  
DVY 650-W quartz-bromide lamps;  this  was regarded a s  the maximum 
pract ical  amount of illumination that could be  put into the t e s t  tank through 
the cover and light tubes, but the lighting was generally inadequate. As 
expected, the motion pictures  that were taken during the ful l -scale  t e s t s  
w e r e  generally infer ior  to  the quality of those taken during the smal l - sca le  
t e s t s  in the g lass  apparatus.  
during the t e s t s  a r e  discussed in detail  in Results. 

The  motion-picture c a m e r a  was a 

The framing r a t e  that was  selected was 250 p ic tures /  

Lighting was provided by two General  Elec t r ic  type 

The specific viewing problems encountered 

Since any instrumentation o r  t ransducers  placed inside the test tank are 
subject to potential damage f r o m  the F2-H2 flame as well as possible c o r r o -  
sive attack by HF and F2, expensive and fragi le  ultra-high-response ins t ru-  
mentation was not used. Rather,  t empera tures  were measured  with 
thermocouples of 36-gage copper-constantan wire  with the reference junction 
contained in a liquid nitrogen bath. 
unshielded and had a response time of about 100  msec .  
damaged by burning and H F  attack in the initial testing and were replaced 
with s ta inless-s teel  shielded thermocouples with a response t ime  of about 
500 m s e c  to  1 sec. This slow response time was permissable  f o r  most  of 
the tempera tures  that were  measured.  
o rdinar  y br idge - typ e s tainle s s - steel  - diaphr agm t ransducer  s . SA inj e cto r 
t e s t  t ransducer  and thermocouple locations, functions, and identities a r e  
shown in fig. B-3. 

Many of the  initial thermocouples were 
Some of these were 

The p r e s s u r e s  were  measured  with 

A thermocouple t r e e  was fabricated to provide support for  the thermo- 
couple junctions within the tank and to route the  wiring through the tank cover. 
The  main t runk of the thermocouple t r e e  was fabricated of 1-in. -diam 
stainless-s teel  tubing welded shut at  the bottom and connected at the top to  
a special  connector that mated to  a pin-type penetration welded into the cover. 
The thermocouple junctions were  extended to their  positions in the tank via  
1/8-in. -diam stainless-s teel  tubing sealed at the junction end with Swagelok 
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fittings with Teflon ferrules and into other Swagelok fittings welded to the 
1-in. trunk. The tubing had enough spring fo rce  to  hold the thermocouple 
junctions in place against  the injector at the position shown, and the junction 
was not fastened to the injector. This  allowed the injector to  be removed 
f r o m  the tank independently of the thermocouple t ree .  The  s a m e  thermo-  
couple t r e e  was used f o r  the US injector configuration, but the junctions were  
situated at different points, as shown in fig. B-4. A United Control 2641-1-1 
level  sensor  was mounted on the t r e e  at the position shown as LH2 level to  
provide remote  indication of LH2 f i l l ,  but the  level-sensing sys tem failed to  
function properly,  so  the tank was filled by a different technique, as 
descr ibed in the Experiment Technique section. 
thermocouple t r e e  were  sealed as tightly as possible with Teflon gaskets to 
keep LH2 out of the t r ee ,  LH2 st i l l  leaked into the t r e e ,  and the chilling 
cycles so damaged the thermocouple wiring that the t r e e  had to  be completely 
rebuilt during the t e s t  p rogram (after Tes t  14). 

Although all joints in  the 

The t e s t  tank ullage p r e s s u r e  (PH) and the fluorine driving p r e s s u r e  (PF) 
were  measured  at the  positions shown. 
s izes  were used) was installed in  the LH2 dra in  line to control and m e a s u r e  
the LH2 flow rate.  
p r e s s u r e  drop  a c r o s s  the orifice,  together with the LH2 t empera tu re  and 
or i f ice  size,  could be used to calculate the LH2 flow rate. 

A calibrated or i f ice  (two different 

The recorded p r e s s u r e  ups t ream of the orifice and the 

The thermocouple and t ransducer  signals were  fed to Douglas- 
manufactured balance panels and, together with var ious control re lay  
signals, were recorded on a d i rec t  writing 18-channel CEC oscillograph. 
A permanent oscil lograph r eco rd  was  made of each test. 
oscil lographs a r e  given in  Results. ) 

(Typical 

CONTROL SYSTEM DESIGN 

Because the full-scale testing could have been hazardous,  all functions 
during the t e s t  run  were  controlled remotely f rom a blockhouse situated 
350 f t  f rom the t e s t  area.  To allow control of the var ious valves and to  
monitor the tes t ,  a blockhouse control panel was designed and built to satisfy 
the following requirements:  

(1) To operate  all remote  valves f rom the panel, with a signal light 
indication to  show valve-actuation power. ( F o r  the tank vent valve, 
microswitches were used to show the open and closed positions of 
the valve. ) 

( 2 )  To program the operation of the injection loop so that automatic 
safeguards will stop injection if ignition does not occur and to 
provide one-switch shutdown i f  t he re  is a malfunction o r  a 
detonation. 

A control system to satisfy these  requirements  was designed and is  shown 
schematically in fig. B-5. Each valve has  its own circuit ,  with panel lights 
to indicate power to the valve. In addition, the fluorine prevalve (F9)  and 
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the  injector valve (F14) have circui ts  marked  AUTO that provide automatic 
operation of the injection loop. W i t h  these valves, and the enabling switch 
(S2) in  the AUTO position, the automatic operation proceeded a s  follows: 

(1) When the  SEQUENCE START (FIRE) switch is closed, re lay  (Kl)  
starts the t imer  (T). 

(2)  After t ime  delay (T l) ,  relay (T-  1) operates  re lay (K2), which opens 
the prevalve (F9)  and enables the  p r e s s u r e  switch circui t  ( s ee  below). 

(3) After t ime  delay (T2), re lay (T-2) operates  re lay (K3),  which opens 
the injector valve (F14).  

(4) After  t ime  delay (T3), relay (T-3) operates  re lays  (K5 and K5A), 
which close the injector valve (F14) and the prevalve (F9)  
simultaneously. 

This would be the sequence if t he re  were  nonignition (and thus no tank 
p r e s s u r e  r i s e )  following injection; however, i f  ignition occurs ,  a p r e s s u r e  
r i s e  in the tank would actuate a p r e s s u r e  switch (PS) that senses  the tank 
ullage pressure .  Lf the p r e s s u r e  switch relay is energized by a p r e s s u r e  
r i s e ,  it operates  a re lay  (K4) that, through paral le l  c i rcui ts ,  keeps the pre-  
valve (F9)  and the injector valve (F14) open, even though the circui t  through 
K5 closes.  
time (T3) was se t  at 2 sec.] 
2 s ec  for  the injector valves to stay open. 
de-energizes all re lays  and closes  F 9  and F14, thus providing single-switch 
shutdown. As a fur ther  safety measure ,  the t i m e r  (T)  runs out af ter  about 
10 sec,  shutting valves F 9  and F14; manual reoperation of the F I R E  switch 
is then required to r e s t a r t  the  sequence. Each of the relays signals the t ime 
at which it i s  energized on the oscillograph record  through the circui t  shown. 
The  blockhouse control room is shown in  fig. B-6. 
the right, and the oscil lograph and balance panels for  thermocouples and 
p r e s s u r e  t ransducers  a r e  on the left. 

[In practice,  the p r e s s u r e  switdh was se t  at 10 psig, and the 
The re  mus t  b e  a p r e s s u r e  r i s e  of 10 ps i  in 

Opening the FIRE switch 

The control panel is on 

EXPERIMENT TECHNIQUE 

A standard Operational P rocedure  (Douglas Drawing 1T3 1900) was 
prepared  and followed in the preparation, the operation, and the shutdown 
fo r  each test .  The general  s teps  of procedure were  as follows: 

(1) Fill the thermocouple reference bath with LN , vent the t e s t  tank 
and fluorine injection loop to  atmosphere,  an  $ cal ibrate  and ze ro  
the p r e s s u r e  t ransducers  and thermocouples. 

(2)  Select  the tank p r e s s u r e  f o r  the t e s t  (low p res su re ,  30 psig; medium 
p res su re ,  100 psig; o r  high p res su re ,  170 psig) and m a r k  the osci l -  
lograph with a pointer at that p r e s s u r e  as an  approximate guide. 
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Figure B-6. MTl Injector Test Control Room 

Check the operation of all system valves, (except F14 to save wear  
and t e a r ,  and H8 - emergency only) and, with all valves closed, start 
the vacuum pumps and the purge to  the pumps; open the H2 and F2 
vacuum valves H4, H2, H1, and F 1 0 ,  and evacuate the t e s t  tank and 
injection loop. 
vacuum (-30 in. Hg). 

Evacuate fo r  1/2 to  1 hr until GH and GF2 show hard  

Close the H2 vacuum valve(H2), and pre'ssurize the t e s t  tank to  
2 0  psig with helium. 

Close the H2 f i l l  valve(Hl), ( leave H4, and F 1 0  open) and recheck 
sea l  leakage. 

Install  the lights and camera.  
Put thin film of alcohol on camera  port  to  prevent frosting (heat 
f rom the lamps  keeps the light ports  f ros t  f r ee ) .  
purge box and connect the purge l ine,]  

[Check c a m e r a  operation and lights, 

Install  the camera  

Set F 2  metering valve, (F12); open F2 cylinder valve, and observe 
and record  cylinder pressure .  

Open the LH2 storage tank valve, (V18). Evacuate the t e s t  area and 
re turn  to the blockhouse. 

Fill the t e s t  tank with LH open fill valve(Hl), and vent valve(H7). 
Record f i l l  on oscillograp k: at slow paper speed, 0 . 2 5  in, / s ec  

.. 
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(Filling takes  about 6 min. 
the tank was filled to  within about 4 in. of the top by listening through 
a speaker  sys tem to the t e s t  a r e a  fo r  the su rge  of LH 

consistent f rom run  to run within 11’2 in. ) 

The level  sensor  did not function, so  

in the vent. 
Repeated trials with this f i l l  technique gave LH2 leve 1. s in the tank 

(10) Aftes the  f i l l ,  wait a few minutes until no vapor is seen at the vent 
stack, then proceed with countdown. 

(11) Ensure  that AUTO switches a r e  se t  correct ly ,  then c lose  F2 vacuum 
valve, (FlO), and tank vent valve, (H7). Count down f rom 5. 

(12) On 3, start oscil lograph at  a paper speed of 4 in. /sec.  

(13) On 2 ,  start the c a m e r a  (and lights). On fire, actuate the 
FIRE switch. 

(14) When the tank p r e s s u r e  oscil lograph t r a c e  reaches  the p re se t  point, 
e i ther  stop the injection to observe p r e s s u r e  collapse o r  open dra in  
valve (H6). If 
a par t ia l  d ra in  is  required,  the injection, the drain,  the camera ,  
and possibly the oscillograph a r e  shut down between drains ,  then 
the sequence is  repeated until the  tank is emptied. 
can  a l so  be performed. 

Maintain tank p r e s s u r e  by cycling the FIRE switch. 

Other variations 

(15) Following the tes t ,  open vent valve (H7), r e tu rn  F 9  and F 1 4  to  
CLOSE, open F2 vacuum valve ( F l O ) ,  and purge injection loop with 
GN2 through F 13 and F 10. 

(16) After returning to the t e s t  a r e a ,  c lose  V18, open H3, record  F 2  
cylinder p re s su re ,  close F2 cylinder valve, and open auxiliary 
dra in  valve(H6A). 

(17) With personnel in a protected position, c lose  vent valve (H7) and 
p res su r i ze  the tank to about 30 psig with helium to complete the 
d ra in  operation. 
dra in  outlet in the false bottom. 

This  procedure removes the propellant below the 

(18) After the  drain,  close drain valve (H6A), -c lose H3, and open H1 and 
H2 to  evacuate the t e s t  tank. 
F 9  i s  removed by cycling F 9  with F10 open to  the F 2  vacuum pump. ) 

(The fluorine trapped ups t ream of 

(19) Remove the c a m e r a  and lights. (After the tank i s  evacuated, it is 
iner ted and purged with helium to remove any H F  still i n  the tank. ) 
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PROPELLANTS 

The propellants used in the tes t s  were commercially obtained. The 
liquid hydrogen was 99.995% pure hydrogen obtained f rom Union Carbide 
Gorp. , Linde Division, Sacramento,  California. 

The fluorine was obtained f rom Air Products,  Inc. and was supplied as 
g a s  in standard 400 psig cylinders. 
on cylinder analysis)  was as  follows: 

The manufacturer ' s  specification (based 

Fluorine 98.0 % (minimum) 

Oxygen 0.2 % (maximum) 

Nitrogen 1.0% (maximum) 

H F  0. 1 % (typical) 

200 ppm (typical) CF4 

SF6 100 ppm (typical) 

The helium used a s  a pressurant  f o r  the hydrogen and the fluorine was 
commercial  water-pumped (12 ppm HzO) and was obtained in standard 
2500-pisg cylinders f rom Air Products ,  Inc. 
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Appendix C 
ANALYTICAL MODELS FOR TANK PRESSURIZATION 

Pressur iza t ion  of Per fec t  Gas Ullage by Heat Addition 

Assuming constant volume pure heat addition, and no m a s s  addition 

For perfect gas 

- 
Mb = constant = (%)b 

1 - - ,  
CV 

Thus, since - - 
R Y - 1  

F o r  constant volume pressurizat ion 

Thus: 

For pressurizat ion t ime (t) 

d P  dT 
P I T  
- 

dQ =rl vb d P  

-=-  AQ vb Apb - 
t Y - 1  t 
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F o r  a reaction 

AQ - t = QR Winjectant 

Thus: 

-- - vb ai., QR Winjectant Y-1 

- (Y-1) QR - 
' * APb'Winjectant 'b 

Pressurizat ion of Saturated Vapor Ullage by Heat Addition 

Again, for  constant volume 

AQ = ab Cv AT (C-10) 

The AT f rom Equation (9) i s  computed based on AQ fo r  injected m a s s  

'Q = QR Winjectant t (C-11) 

and actual and C f o r  saturated H2 vapor f rom Mollier diagram and H2 
properties.  b P 

F r o m  init ial  conditions (assumed at 20 ps ia  saturated) A T  wil l  give p re s -  
s u r e  r i s e  (AP)  f r o m  Mollier diagram with constant ullage density (assuming 
no m a s s  addition. ) 

Pressurizat ion of Saturated Vapor Ullage by Mass Addition Through Liquid 
Vaporization 

F o r  pure heat addition, fo r  t ime, t 

- 
t = A M b  Q, 

Q~ winj ectant V 
(C-12) 

F r o m  the initial ullage conditions of volume and p res su re ,  the init ial  mass ,  
&i of saturated vapor can be determined f r o m  a Mollier phase diagram. 

bi 
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The new ullage m a s s  (E& + mbV) will give a new ullage density, and 

this will  give a new ullage p r e s s u r e  (Pb) at saturated conditions. 
p re s su re ,  l e s s  the c r i t i ca l  p re s su re ,  gives A P  p e r  unit t ime, (t) or AP. 

The new 

Expulsion Pressur iza t ion  of Per fec t  Gas Ullage by Heat Addition 

Assuming constant p re s su re ,  pure  heat addition, and no mass  addition 

dQ =n C AT (C-13) 
b P  

For perfect gas  

- (E)b Mb = constant = (C-14) 

Thus: 

(C-15) 

For constant p r e s s u r e  expansion 

dV dT 
V - T  
- - -  (6-16) 

Thus: 

dQ = - ' P dV Y - 1  b (C-17) 

For  expulsion t ime ( t )  

(C-18) 

P 

For reaction and outflow 

m = Q  
t R injectant (C-19) 

a3 



Thus: 

. 
e ' .  w . 

LH2' "inj actant 

Expulsion Pres surieation of Saturated Vapor U T a a  s Addition 
mrough L iquid Vaporization 

dQ = d u  Q 
b v  

and 

Thus: 

dV Q, Mb dQ = - 
vb 

F o r  expulsion t ime (t) 

AV 
It"" 

Mb 
t R injectant Vb 

.__.-. a Q - Q  W c- 

(C-21) 

(C-22) 

(C-23) 

(C-24) 

(C-25) 

c 

Thus: 

* 
W . 

-c__ Mb ____* =HZ 
QR Winjectrtnt - vb QV 

pL 
(C-26) 
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a 

c 

Equation (C-26) can be solved f o r  Mb/Vb, which, together with the init ial  
ullage conditions will  give the ullage density, can be converted to saturated 
vapor p re s su re ,  o r  approximately 

Mb pb 

'b RTb 
- - -  - 

Thus: 

- QV 
*R Winjectant - pL RTb pb WLH2 

- QRPL R> 
* * *  W ~ ~ Z  lWinjectant  - Q V pb 

(C-27) 

(C-28) 

(C-29) 
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